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Dedication

On August 13" of 1992, Professor Winfried Schmidt of the University of
Karlsruhe and the Kernforschungszentrum, Karlsruhe, Germany died at the age
of 60 in a traffic accident. The editors wish to dedicate these proceedings to the
memory of this close friend. He will be sorely missed by his many colleagues for
both his scientific contributions and personal qualities.

Professor Schmidt began his career at Karlsruhe in 1964 with theoretical
work in high energy physics. Beginning in 1979, he headed the Office of Future
Tasks for the KfK Board of Directors. We first became acquainted with him at this
time when he joined the Beams community by introducing KfK research on
intense ion beams and their interactions with matter. Our friendship with him and
his family deepened during his two-year, Washington DC based tenure as KfK
Liaison Officer in the mid 1980's when we had ample opportunity to learn of his
deep love of science, be exposed to his wide-ranging ideas on many subjects,
and be charmed by the warmth, intelligence, and talents of his wife and daugh-
ters. To Beams conference attendees, he may be best known as Scientific
Secretary of Beams '88 and editor of those proceedings. His excellent organiza-
tion of that conference provided a model for those that followed and substantially
eased our similar efforts with regard to Beams 92. Beginning in 1989, Prof.
Schmidt headed a numerical physics group at KfK. One part of this work was
code development and comprehensive modeling of light ion diodes that lead di-
rectly to impressive improvements in the focusing performance in subsequent KfK
experiments. His last effort was coordination between KfK and the University of
Karlsruhe in preparation for a super-computing facility in Karisruhe.

Winfried Schmidt will be tong remembered by his colleagues for his impor-
tant scientific contributions. His friends will miss him most for the infectious en-
thusiasm he brought to his research and other interests, and for his penetrating
wit. We mourn the passing of this good friend and fine scientist.







Introduction

The 9" International Conference -n High-Power Pariicle Beams was held in
Washington D.C. from May 25" to -uay 29" 1992, and was hosted by the Naval
Research Laboratory and the University of Maryland. Previous conferences were held
in Novosibirsk, Russia (1990, 1979), Karlsruhe, Germany (1988), Kobe, Japan (1986),
San Francisco, Californ‘a (1983), Paris, France (1981), ithaca, New York (1977), and
Albuguerque, New Mexico (1975). Over 400 invited and contributed papers were
presented making .t the largest conference of the series. The 423 registered attendees
represented 16 countries and included 65 scientists from the former Soviet Union
(FSU). A breakdown of the attendance and contributions by country can be found at
the beginning of the Registrant List in the third volume of these proceedings.

The purpose of Beams 92 was the exchange of new ideas and results associated
with the science and applications of high-power particle beams in the following areas.

- Physics and Technology of High-Power Particle Beams including the
generation, focusing, and propagation of electron, light-ion, heavy-ion, and
cluster-ion beams

- New Developments in Pulsed-Power Technology and High-Power
Accelerators including capacitive, inductive, and rep-rated pulsed-power
generators, opening-switch technology, induction and cyclic accelerators, and
coherent-wave accelerator concepts

- High-Power Particle Beam Experiments and Diagnostics

- Particle-Beam Interactions with Matter including bremsstrahiung, stopping
phenomena, plasma heating, and high-energy-density target plasmas

- Physics of Pulsed-Power-Driven Discharges including high-power implod-
ing-plasma and plasma-focus research, fiber-generated pinches, compact
toroids, and discharge-plasma heating and radiation

- Applications to Coherent Radiation Generation including gigawatt single-
pulse microwave generators, fast-wave oscillators and amplifiers, and free-
electron lasers

- Technical and Industrial Applications including ion-beam ICF, x-ray and
neutral-beam sources, x-ray lasers, electron-beam-pumped lasers, radiogra-
phy, x-ray lithography, materials processing, and pollution control

The program was divided into eight topical invited oral sessions with 20- and 30-
minute presentations, seven topical poster sessions, and a summary session. The 304
papers contained in these proceedings represent approximately 90% of the invited oral




talks and 73% of the contributed poster papers. Volume | contains all of the invited oral
papers and the contributed Pulsed Power papers. Volume Il contains the contributed
lon Beam, Electron Beam, and Beam Diagnostics papers. Volume Ill contains the
Microwave, Free Electron Laser, Advanced Accelerator, Beam Applications, and
Plasma Discharge papers.

Gerold Yonas, who initiated this series of conferences with Beams '75 in Albuquer-
que, New Mexico, gave a stimulating keynote address entitled "Beams 2020" where he
looked backward and forward approximately 20 years. The summary session was ably
represented by J. Pace VanDevender of the USA reviewing advances in lon Beams
and ICF, Dmitri Ryutov of Russia reviewing Electron Beams, Henri Doucet of France
reviewing Microwaves and Free Electron Lasers, Gennady A. Messyats of Russia
reviewing Pulsed Power and Accelerator Technology, and Ravi Sudan of the USA
reviewing Applications and Z-Pinches. Although the texts of the keynote address and
summary papers are not included in these proceedings, each of these sessions is re-
corded on VHS video tape along with the other eight invited oral sessions. Copies of
the video tapes, along with limited extra copies of these proceedings, will be available
from Maxwell Laboratories, Inc., host of the Beams '94 Conference to be held in San
Diego California, June 20-24, 1994. (See future Beams '94 announcements, or contact
Roger White, Beams '94 Co-chairman for details.)

The Beams 92 Conference was special for several reasons. The scientific papers
were of high quality and, taken together, represented a complete picture of the world
effort in the field of high-power particle beams. The large number of domestic and
international attendees represented almost every research effort in this field. A most
important feature of this conference arose from its timing as the first major international
conjerence in our field following the collapse of the Soviet Union. This provided the
opportunity for extended technical exchanges, in some cases for the first time, with an
extraordinarily large contingent of colleagues from the FSU. Many of these technical
discussions concerned future international collaborations with FSU laboratories that
hold promise for rapid progress in our field. Beams 92 hosted 65 representatives from
the FSU that presented 124 papers, including many reports on subjects not previously
available to western scientists. This group included an impressive number of Academi-
cians among whom was A.l. Pavlovskii from Arzamas-16 who presented one such
important report entitled "Linear Accelerators with Radial Lines." The Beams commu-
nity suffered a great loss when Dr. Paviovskii passed away this year.

The venue for Beams 92 included a number of evening social events to which all
attendees were invited. These events provided opportunities for extending technical
discussions begun during formal conference sessions, for strengthening old friend-
ships, and for forming new ones.

We look forward to Beams '94 and are certain that it will prove as successful and
rewarding as Beams 92.
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Abstract

Significant progress in the generation and focusing of ion beams generated by PBFA II has enabled us to
begin experiments ir: ion beam coupling and target physics. Data from these experiments indicates that we
can reproducibly deliver ~50 KJ of 5 MeV protons at an average power intensity of 3.5 TW/cm® to a6 mm
diameter by 6 mm tall cylindrical target. The implosion of spherical exploding pusher targets and the radi-
ation production from foam-filled cylindrical thermal targets were studied in these experiments. They
demonstrated that high quality target data can be obtained on PBFA II. Specific deposition rates of about
100 TW/g were achieved in these experiments. This deposition rate marks the boundary between the
regime where enhanced ion deposition and equation-of-state (EOS) physics are studied (10-100 TW/g)
and the regime where radiation-conversion and radiation-transport physics are studied (100-1000 TW/g).
Experiments in the radiation-conversion regime are now of primary importance in our program because
these experiments will test the target physics basis for ion-driven ICF.

Experiments using a thin film LiF source have produced an intensity of 1 TW/cm? of lithium ions. This
beam has a potential specific deposition rate of 300-400 TW/g in hydrocarbon foams. However, radiation
conversion experiments will require an increased total energy content of this beam in order to overcome
the specific internal energy of the foam. Further increases in ion beam intensity and energy content are
being pursued in a multi-pronged attack. Understanding and controlling ion beam divergence is the highest
program priority. Present understanding indicates that instabilities in the electron sheath cause significant
ion beam divergence. Our understanding suggests that this contribution to the ion divergence can be
decreased by operating the diode at a fow enhancement through the use of high applied magnetic fields or
by modifying the electron distribution near the anode via electron limiters. The new 9 cm radius “Compact
Diode™ has the capability of generating 28 T applied magnetic fields which will enable divergence expen-
ments in the low-enhancement, high-B regime. Experiments with the LEVIS (Laser Evaporation Ion
Source) lithium source have demonstrated the existence of a preformed plasma. as determined by visible-
emission spectroscopy of the anode plasma. Work on improving lithium purity with this source is in
progress. This active anode plasma will be used in experiments testing the effectiveness of electron limit-
ers in controlling ion beam divergence. We are also working to understand the interrelation between accel-
erator coupling, diode physics. and ion beam focusing in order to optimize the diode configuration to
maximize the power intensity on target. Success in these experiments will provide an adequate lithium
beam for performing target experiments exploring radiation conversion and radiation transport physics in
ion-driven ICF.
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Light Ion Beams for ICF

Intense beams of light ions are being developed to drive inertial confinement fusion (ICF) targel.sl.
The study of the technology of high intensity light 10n beams began about 1975 with pioneening work at
Cornell®. Sandia®. and the Naval Research Laboratory (NRL)*. This has expanded into an international
effort that now includes research in Germany. Japan. and the former Soviet Unton. The list of laboratories
performing this international research includes: the Nuclear Research Center. Karlsruhe: the Insutute for
Laser Engineering. Osaka: Tokyo Institute of Technology. Yokahama: the Technological University of
Nagaoka: The Insttute for High Current Electronics. Tomsk: The Institute of Nuclear Physics.
Novosibirsk: and the Institute of Electrophysics. Ekaterinburg. The University of Wisconsin also partici-
pates in the engineering design of light ion faciliues.

Before performing target physics experiments. 1t has been necessary to first develop this technology
to produce and focus ion beams to the sufficient energies and intensities. In 1989. a proton beam was
focused to an intensity of 5 TW/cm* averaged over the surface of a 6 mm diameter sphere”. In 1991, pro-
ton beams were used to perform the first series of target experiments aimed at contributing (0 the knowl-
edge base of ICF science. Ongoing research in the understanding. development. and focusing of light ion
beams is aimed primarily at the generation of lithium ion beams which will be superior in their target-drive
characteristics. The first series of target physics experiments using lithium ion beams is planned for 1992.

At present. the key technical challenges for the light ion program are reducing ion divergence.
increasing ion beam intensity. and conducting well-designed and well-diagnosed experiments at higher 1on
beam iniensities.

The Physics of Indirectly-Driven Light-Ion Targets

A generic sketch of an indirectly-driven light-ion target is shown in Figure 1.

Single ion beam

. — - - _ - —
- - = -

- =~ S
High-Z converte/ Fuel Capsule
and case Low-Z, low-density

(foam) converter

Figure 1. Generic sketch of an indirectly-driven light-ion inertial confinement fusion target.

The fusion capsule is embedded within a foam-filled hohlraum. Ions penetrate the external shell and
volumetrically deposit their energ, ' the low-density foam. which converts the ion beam energy into x-
rays. 1he radiation, in turn. bathes the tusion capsule and provides the drive for the capsule implosion. The
principal reason for converting ion energy into x-ray energy is to achieve radiation smoothing of unaccept-
ably large perturbations in the initial drive in order to achieve a symmetric implosion of the fuel capsule.
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In a well-designed target. the target absorbs all of the incident ion energy with the low-density foam
absorbing about 70¢% of the energy and producing a therinal electron spectrum. The absence of holes in the
case minimizes energy loss from inside the hohlraum and increases the overall target efficiency. The volu-
metric deposition characteristic of ion beams provides initial smoothing of beam non-uniformities and
radiation smoothing provides the final symmetnization. This smoothing during deposition and x-ray gener-
ation also makes the target less sensitive to the time-dependent symmetry of the drive. Volumetric deposi-
tion minimizes the density and temperature gradients in the target which decreases the opportunity for
instabilities to occur in the deposition region. Energy conversion into hydrodynamic motion of the con-
verter material is also minimized in a light-ion hohlraum. The unique and favorable deposition and hohl-
raum physics of light ions make these targets attractive for achieving ICF in the laboratory.

Deposition Intensities and Radiation Conversion

The peak ion beam intensity on target, the total energy delivered to the target within a hydrodynami-
cally acceptable time. and the ion beam range in the target are among the parameters that most directly
affect the performance of an ion-driven target. The ion beam intensity (TW/cm?) divided by the ion beam
range (0/cm ) determines the specific power deposition (TW/g) in the target. The energy density (M J/em?)
divided by the range gives the specific energy deposition (MJ/g). The magnitude and uniformity of the spe-
cific power and energy provide the proper figures of merit for judging the ‘/performance of an ion-driven
hohlraum for driving a capsule. At present, the divergence of our ion beams’ limits the specific power and
energy deposition in the target because it limits the amount of the beam that reaches the target.

The x-ray conversion efficiency depends on the ion species and energy, and on the target material.
Figure 2 demonstrates that the ion beam conversion efficiency to radiation is predicted to increase as the
beam intensity is increased. This efficiency estimate is based on a simple time- dependent model that bal-
ances deposited beam energy with material heat capacity and blackbody radiation losses®. Note that hydro-
dynamic motion and electron thermal conduction are ignored in this model and that these efficiencies
probably reflect upper bounds. We see that this model predicts that a 10 TW/cm? Li beam with an energy
of 10 MeV will be ~80% efficient in converting ion energy into x-rays. The conversion efficiency into x-
rays is predicted to approach 90% at 100 TW/cm? for 24 MeV lithium.

Present Beam Focusing Capabilities

The specific deposition rates that are consistent with the present beam focusing capabilities of the ion
diode on the PBFA II accelerator are summarized in Table .

Table I: Present PBFA-II specific deposition rates and energies into a cold CH foam for a 15 ns ion

beam pulse.
L fon B . Energy on ( Specific Specific
Range Intensity .

Ion Eaergy (mg femd) | (TWiem?) Target Deposition Energy
(MeV) (KJ) (TW/g) (MJ/g)

Proton 5 32 35 52 110 1.65

Proton 5 32 5 75 157 2.35

Lithium 9 26 1 15 380 5.7
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Flgure 2. X-ray conversion efficiency as a function of intensity for lasers of varying wavelengths and ions of varying
ranoes .This graph has been modified to include the predicted conversion efficiency of shorter range light ions®
assuming a 20 ns beam pulse into a carbon target.

Proton beams of up to 5 TW/cm? have been generated on PBFA II; the 3.5 TW/cm? value is more
representative of the average performance on a complex target experiment. A lithium beam of 1 TW/cm”
has been generated on PBFA 11°. Table I illustrates the role of both ion intensity and ion range in determin-
ing the target performance. Although the intensity achieved with lithium beams is less than that of protons,
the specific power deposition in TW/g is larger for the lithium beams. This ineans that the lithium beams
are actually more effective at heating the target material than the proton beams because their range is so
much shorter. The more favorable deposition properties of lithium beams as compared to protons is part of
the rationale for selecting lithium as the baseline ion in Sandia’s ICF program.

Experiments Along the Path to Ignition

As Sandia’s beam generation and focusing capability increases. the range of target experiments that
can be performed with these beams increases. Figure 3 is a modification of a plot from a recent GSI
report O that shows anticipated temperatures generated in gaseous and solid targets as a function of the
specific deposition power of an ion beam. The plot indicates that ion deposition and equation of state
(EOS) experiments can be appropriately performed at specific powers of 10-100 TW/g, radiation physics
experiments can be conducted between 100 and 1000 TW/g, while implosion studies become possible at
1000 TW/g. Superimposed on this plot are three regions that have already been explored. or will be
explored in the near future using light ion beams. The lowest specific deposition region labeled “Stopping
Power Experiments” spans the specific depositions that have been realized in previous light-ion stopping
power experiments both at Sandia and NRL. The next higher region labelled “PBFA-II Proton Experi-
ments™ refers to the recent proton target series; those experiments achieved specific deposition powers of
approximately 100 TW/g in a hydrocarbon foam and will be the subject of the next two sections. These
proton experiments generated the first data on x-ray production and radiation physics from targets in a
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Figure 3. ICF target physics issues that can be studied by ion beams of increasing specific deposition power and
associated increasing target temperature. Present and projected capabilities of light- and heavy-ion machines are
noted. The original figure, found in Reference 10, has been modified to include the light ion capabilities

hohlraum-like geometry. Information on ignition-size targets was also obtained with direct-drive explod-
ing pusher targets. The highest shaded region labeled “PBFA-II Lithium Experiments” shows the specific
powers that should be available using lithium beams in 1992. This figure also indicates that target physics
experiments on the PBFA II accelerator are generating important data for both the Light and Heavy Jon
Programs. Tz-get experiments in the radiation-conversion regime are now of primary importance to the
program because these experiments will test the target physics basis for ion-driven ICF.

Direct-Drive Implosion Experiments

Although exploding pusher target performance does not scale to ignition conditions, these targets can
provide useful target physics data. Furthermore, since exploding pusher targets are less sensitive to drive
uniformity than ablative targets, they can be studied using direct-drive by the ion beam. The pie diagram in
Figure 4a shows a cross sectional view of the targets that were used in these experiments.
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Figure 4. a) Pie diagram of a direct-drive exploding pusher target fielded on PBFA Il and b) time-integrated x-ray
image of the imploded target as viewed through a ~2 keV x-ray filter in the coordinate system of the film plane. Note
the prominent central stagnation feature.

The target consisted of a thin plastic shell, doped with a chlorine layer on the inner surface, filled with
1.2 atmospheres of deuterium. The target shell was designed to be about 60% of an ion range thick so that
ions would deposit energy on both their inward and outward trajectories in order to symmetrize the pri-
mary drive (~15-20% azimuthal nonuniformity at the target equator, the pole-to-equator asymmetry can be
larger due to the difference between the spherical geometry of the target and the cylindrical geometry of
the beam).

The significant results of these experiments include the following: 1) chlorine K, radiation produced
by ion impact ionization was sufficient to provide an x-ray time-history of the shell motion, 2) the target
compression was about 5:1, in good agreement with hydrodynamic predictions, and 3) there were distinct
differences between filled and unfilled targets as predicted by hydrodynamic simulations.

Hohlraum-Like Target Experiments

In these experiments, a cylindrical version of an ion-driven hohlraum was used to study radiation and
hohlraum physics issues. Since the specific deposition power of our proton beams have reached the 100
TW/g levels which was noted in Figure 3 as being consistent with the beginnings of radiation physics
experiments. and since the indirect-drive approach that the light ion program has embraced is critically
dependent on radiation physics, these experiments were extremely important.

Figure 5a shows a cross sectional view of the targets used in these experiments. A low-density hydro-
carbon foam was placed within a gold cylinder, approximating a cylindrical hohlraum. The exterior gold
cone was part of the beam characierization and energy accounting diagnostics on these experiments while
the 5 Torr of argon was used to provide space charge and current neutralization of the ion beam during
transport to the target. The vacuum barrier excluded the argon from the x-ray diagnostic line-of-sight to
allow viewing of the thermal emission from the target.




The foam was heated to approximately 35 eV in these experiments. An analysis of filtered XRD and
bolometer signals indicates similar brightness temperatures across many spectral cuts. This is consistent
with the generation of a Planckian x-ray spectrum which indicates that at this specific deposition level the
ion beam coupling is indeed into a thermal spectrum. A sample x-ray pinhole camera image of the targ ~t as
viewed from below is shown in Figure 6b.

Other important conclusions that can be drawn from the data include: 1) the foam was heated and
reached the opiically thin state necessary for radiation transport, 2) the radiation output was increased by
the presence of the foam. and 3) the foam retarded the motion of the gold case.
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Figure 5. a) Cross sectional view of cylindrical hohlraum-like target and b) time-integrated x-ray image of the
thermal emission from the central foam region of the target in the coordinate system of the film plane.

Future Beam Capabilities and Target Experiment Plans

Now that we have performed the first target experiments aimed at developing a path to ignition for
light ion beams on PBFA II we are planning the future. Table II shows our present ion beam capabilities
and charts a path of increasing beam intensity and specific deposition towards ignition. The superiority of
lithium beams to protons for studying target physics is clear. The specific deposition power of a 9 MeV
lithium beam is 10 times that of a 5 MeV proton beam for the same focal intensity. This table indicates that
near-term lithium-driven hohlraum experiments can fully explore the radiation physics and hohlraum
physics regimes, and achieve the conditions necessary to perform initial hydrodynamic experiments. It is
interesting to note that present ignition target designs call for 24-30 MeV lithium ions at intensities of
between 100 and 120 TW/cm?. This translates to specific deposition powers of between 5000 and 10000
TW/g. We see, therefore. that a 10 TW/cm? lithium beam having a specific deposition rate of almost 4000
TW/g will be testing ion beam deposition and radiation conversion at near-ignition levels. Such experi-
ments will give us an early indication of the validity of our deposition and radiation conversion models and
should indicate whether non-linear processes in ion deposition or radiation conversion will be a problem
for ignition targets.

Our near term strategy is to increase the lithium beam intensity up to 10 TW/cm while holding the
ion energy relatively constant. As the lithium intensity is increased to 20-35 TW/cm?, modest increases in
voltage become advantageous for increasing the total beam energy delivered to the target. Our present
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belief is that we can achxgve intensities up to 35 TW/cm~ on PBFA 11 without an energy upgrade. However.
reaching the 120 TW/cm~ that is required to achieve ignition will require a substantial energy increase.

Table II: Present and future PBFA-II specific deposition rates and energies into a cold CH foam for a
15 ns beam pulse.

T

Ion . Energy Specific Specific
Range Intensity -
Ion Energy (me/em?) | (TW/em?) on Target | Deposition Energy
(MeV) = (KD (TW/g) (Mi/g)
Present PBFA-II parameters
Proton 5 32 5 50 157 1.57
Lithium 9 2.6 1 15 380 5.7

Increase specific power deposition to > 1000 TW/g at constant ion energy

Lithium 9 2.6 5 75 1900 285
Lithium 9 2.6 10 150 3800 57

Increase ion energy and intensity to increase total energy on target
Lithium 12 4.0 20 300 5000 75
Lithium 15 6.0 35 525 5800 87

Ignition level beam - requires upgrade of PBFA I1

Lithium 30 19.5 120 1800 6200 93

Status of Lithium Ion Beam Production

We are presently pursuing two thin-film approaches to generating lithium ions: 1) LiF, a ~0.6 pm vac-
uum-deposited coating on a stainless-steel anode, and 2) LEVIS!!, a laser-heated, laser-ionized source
based on vacuum-deposited LiAg films. Visible emission spectroscopy of the accelerating gap between the
anode and the cathode has provided detailed information about the physics of each of these sources. Some
of this information. along with that obtained from Faraday cups, an energy-filtered ion pinhole camera, and
electrical diagnostics is summarized in Table III.

Table I11: Comparison of LiF and LEVIS lithium ion sources.

Property LiF LEVIS
Ion emission surface Anode surface Expanding plasma
Emission mechanism Field emission? Ion extraction from plasma
Purity ~100% Li*'. little H+C H+C impurities if unheated

>90% Li if DC-heated 25 hrs @120° C
Sensitive to YAG laser power?

Ion emission delay ~24 ns ~24 ns

Early Child current? None observed B None observed
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Table III: Comparison of LiF and LEVIS lithium ion sources.

Compatible with limiter? Unknown. Might require Yes
electrons to turn-on?
Lithium beam energy 80-140 KJ =100 KJ |
Divergence at source <17 mrad <12 mrad |
Focal spot size (horiz) 8-9 mm 9-10 mm

Spectroscopic data shows a high electric field (E~8MV/cm) at the anode surface for the LiF source.
The electric field drops in magnitude as the diode voltage drops. This behavior is consistent with field
emission of lithium ions from the LiF film on the anode surface. The LiF source appears to have high lith-
ium purity. Furthermore, recent experiments where the LiF coating height was varied from 1.5 to 14 cm
show that the lithium beam duration increases with increasing LiF coating height as shown in Table 1V.
Specifically. the previously reported 15 ns duration of the lithium beam from LiF has been increased to 25-
30 ns by this means. One theory suggests that this behavior is related to slower diode impedance collapse

Table IV: FWHM of Faraday cup and PIN diode lithium signals with LiF coating height.

Coating Height | Signal FWHM
(cm) (ns)
1.5 8
5 15
9 20
14+ 25-30

with decreasing current enhancement (over Child-Langmuir) due to increasing source area. Another sug-
gests that uncoated portions of the anode emit protons, which changes the diode impedance, and that
extending the LiF coating height suppresses this proton emission. Experiments are planned to attempt to
determine the physics behind this data.

LEVIS uses a Nd:YAG and a tuned dye laser to form a lithium plasma. Spectroscopic data from
LEVIS indicates that a preformed plasma has been generated that shields the physical anode surface from
the electric field. Lithium ions are accelerated from the preformed plasma. Hydrocarbon surface contami-
nation has limited the purity of the lithium beam from LEVIS when the anode is unheated. A recent exper-
iment has shown >90% lithium purity when a LiAg-coated anode was DC-heated 25 hours at 120° C. The
lithium purity of the beam also appears to be sensitive to the YAG laser power. In-situ deposition of lithium
metal is also being tested for producing pure lithium beams using LEVIS.

The delay of ion current with respect to the diode current appears to be identical for both sources,
although the expectation has been that the preformed source would generate an ion beam sooner. Surpris-
ingly, Faraday cup data have shown that there is no low-level Child current early in time for either the LiF
or the LEVIS source. We speculate that this is related to the virtual cathode dynamics of the diode. The
preformed plasma from a LEVIS source is definitely compatible with electron limiters for controlling ion
divergence. LiF has yet to be tested with an electron limiter and might not be suitable if it requires signifi-
cant electron deposition to activate ion emission.

The lithium beam energies generated using LiF have been higher than those for LEVIS. However, we
believe that operational difficulties associated with fielding LEVIS on PBFA II, rather than diode physics.
is limiting the lithium energy for LEVIS. The source divergences in Table III are determined from spectral
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line widths of light emitted near the anode and do not allow one to conclude that LEVIS has a lower diver-
gence because the LiF value is only an upper bound due to electric field gradients contributing to the spec-
tral line broadening. Note that the visible spectrometer used in these measurements is observing emission
from neutral lithium (Li I) and that the Li** behavior is inferred from the Li I data. Finally. the horizontal
focal spot observed by the ion pinhole camera is quite similar for LiF and LEVIS. indicating that they do
indeed have similar overall beam divergences. Both sources continue to be used and developed.

Lithium Beam Focusing Strategy

The achievable lithium beam intensity on PBFA Il is primarily determined by three factors: 1) the
amount of power coupled from the accelerator to the ion beam, 2) the lithium beam purity. and 3) the lith-
ium beam divergence. The present PBFA-II parameters for proton and lithium beams are summarized in
Table V. We see that the power coupling of the accelerator to the ion beam is better for protons than for
lithium. This is due partly to the increased ion turn-on delay (ion current with respect to diode current) for
lithium as compared to protons that puts the current and voltage further out of phase. Beam purity pres-
ently favors lithium ions, however, the poor lithium beam divergence more than compensates for this
advantage. Lithium beam focusing experiments are planned to deal with these issues. Ideas that will be
tested include: 1) a "mesa anode™ which elevates the ion source by 2-3 mm from the surrounding anode
surface, 2) increased ion area to achieve lower enhancement and improve impedance and power coupling,
and 3) vertical focusing experiments where special care is given to vertical alignment, under-insulation at
the diode midplane, and top/bottom power balance in order to assure that we are performing midplane-
symmetric beam focusing. These experiments will help determine the role of enhancement in diode imped-
ance collapse. In particular, the mesa anode experiments will help determine whether source enhancement
or impurity emission outside the lithium coating height play a dominant role in lithium diode power cou-
pling and impedance.

Table V: Comparison of present PBFA-II proton and lithium beam parameters as related to ion beam

focusing.
Ion Emission Species . Focused
. Ton Power . Divergence .
Species (TW) Delay Purity (mrad) Intensity
(ns) (%) (TW/em?)
protons ~18 ~10 50-60 ~16 5
lithium 5-12 ~24 ~100 ~32 1

Ion Beam Divergence

Ion beam divergence has a quadratic effect on the achievable beam intensity. As seen in Table V.
increased lithium beam divergence is the dominant factor in limiting the presently achievable lithium beam
intensity. Therefore, understanding and controlling lithium beam divergence is our highest priority.

Simulations using the 3-D electromagnetic particle-in-cell (PIC) code QUICKSILVER have identi-
fied an early-time diocotron instability in the electron flow in the diode!?. Analytic calculations '3, which
include a charge-neutral region in the diode following the beam acceleration gap. produce a calculated
growth rate for the diocotron instability in good agreement with the simulations. In the QUICKSILVER
simulations, the high-frequency diocotron instability evolves during the pulse to a low-frequency “ion
mode™ instability due to the interaction of the ion beam with the electron sheath. The frequency of the ion
mode instability is related to the time it takes for an ion to cross the sheath. Since our lithium beams have
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lower 1on velocities than our proton beams. the ion mode frequency 1s lower for lithium than for protons.
Wave-particle coupling of the sheath instability to the ion beam will increase the beam divergence and
energy spread as the ions traverse the sheath. The transverse momentum and enei1gy spread of an ion beam
interacting with the electron sheath are minimized for high-frequency instabilities and short ion transit
times (high ion velocities).

Ion beam divergence can come from many sources: 1) divergence at the ion source. 2) electromag-
netic fluctuations. 3) beam non-uniformities. 4) variations in canonical angular momentum at the gascell
foil. 5) multiple scattering. and 6) transport effects. Experimental data, QUICKSILVER simulations, and
analytic stability analysis indicate that electromagnetic fluctuations can dominate beam divergence growth.
The dominance of electromagnetic fluctuations in divergence 1s particuiarly clear for proton deains where
data from microwave measurements, the magnetic spectrometer. the ion movie camera, ultra-compact ion
pinhole cameras, and visible spectroscopy strongly corroborate this assertion. In particular. divergence
measurements at the source (by spectroscopy). at the gascell foil (by pinhole cameras). and at the focus (by
the movie camera) of C IV ions in the beam show < 10 mrad divergence at the source and ~25 mrad at both
the gascell and focal positions. This indicates that the largest contribution to divergence for these beams
comes from the region between the source and the gascell where the electron sheath is located. The protons
in the beam are assumed to follow the same pattern. Therefore, it appears that divergence from electromag-
netic fluctuations is dominant for proton beams. We are presently attempting to determine whether this is
also the case for lithtum beams.

Our theoretical understanding of these electromagnetic instabilities has matured to the point where
they can also be used to suggest means of controlling and reducing ion beam divergence. A trend of
decreasing ion beam divergence with decreasing ion current enhancement over the Child-Langmuir value
is found in the simulations. By providing better control over the evolution of the electron density in the
anode-cathode gap, the simulations show that the low divergence phase can be extended by increasing the
duration of the high-frequency phase of the electron sheath instabilities. Specific solutions for reaching this
condition include providing the electron control with an increased magnetic field (~5.8 T for protons and
~6.3 T for lithium). and using an electron limiter to limit the electron density near the anode.

Preliminary data on divergence with electron limiters has recently been obtained with extraction
diodes on the KALIF accelerator at Karlsruhe and the LION accelerator at Cornell University. Experi-
ments with electron limiters and higher magnetic fields are planned for PBFA II and SABRE beginning in
June. The PBFA-II experiments will use both the standard 15 cm radius ion diode and the newly developed
9 cm “compact diode” to study high fields and limiters. SABRE is a new extraction geometry machine that
uses the “HELIA™ inductive cavity adder technology to provide accelerating potentials of up to 10 MV.
Data on divergence in 2-stage extraction diodes have been obtained on the REIDEN-IV SHVS generator at
ILE. Osaka.

Planned lithium target experiments

We plan to integrate the results of our lithium beam generation. beam focusing, and divergence reduc-
tion experiments for application to preliminary lithium-driven target experiments this summer. These tar-
get experiments will be similar to the previously discussed hohlraum-like target experiments that we
performed using proton beams. The targets for these experiments will be optimized for the range and dep-
osition characteristics of 8-9 MeV lithium ions. The higher specific deposition rate of lithium beams
should allow us to achieve higher foam temperatures in these experiments.

Summary
The first complex ICF target experiments to be performed on an ion accelerator have been success-

fully fielded on PBFA II. These experiments obtained time-integrated. time cesolved, imaging. and spectral
diagnostic information from an extensive array of instruments. The target data has shown that we can cou-
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ple ion beam energy to ignition-size spherical targets. The data has also shown that we can couple energy
into a foam-filled hohlraum. produce an optically-thin foam. and generate an x-ray vield which is consis-
tent with a Planckian spectrum. Lithium beams will have higher specific deposition rates that will allow us
to increase the temperature of our targets. Both LiF and LEVIS sources are being developed for providing
a pure lithium beam. Lithium beam generation and focusing experiments are being fielded to drive further
target experiments. Progress in the theoretical understanding of ion beam divergence indicate that electro-
magnetic instabilities are a dominant source of divergence. Experiments are being performed to attempt to
control ion beam divergence and increase the power density on target. The results of our beam generation.
focusing, and divergence experiments will be integrated and applied to lithium-driven target experiments.
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Abstract
The LION accelerator has been used to perform a series of experiments to investigate
the operation of magnetically insulated extraction diodes. These diodes produce
annular beam with an outer radius of 11.3 cm and an inner radius of 8.6 cm. The
beam voltages were typically 1-1.25 MV with a 40 nsec ion beam current of

approximately 250 KA 8. The diodes were normally operated at 8/8"~ 1.5 and
typical enhancements over Child-Langmuir of 15 to 25. Both active and passive
anode plasma sources have been investigated. The effects of modifying the magnetic
field gradient in the diode will be discussed and a theoretical model presented.
Techniques for cleaning the anode surface for the production of Li beams will be
described.

Introduction

Extraction geometry, magnetically insulated diodes will be the sources of intense ion beams
for future light ion inertial confinement fusion drivers as well as for other applications such
as material surface modification. These diodes are insulated by an applied magnetic field
nearly parallel to the anode in the (r, z) plane. They produce annular ion beams accelerated
perpendicular to the anode, in the z-direction if the anode is flat or focused to the axis if the
anode surface is conical. This insulating field necessarily introduces radial gradients that
influence the magnetically insulated electron flow and can cause nonuniform radial
distribution of ion current and electron loss. In an attempt to better understand the operation
of these diodes we have carried out an experimental study of these extraction diodes and also
deveioped a theoretical model to account for radial and axial electron dynamics. The model
suggests several effective means of controlling the radial dynamics which have been confirmed
by experiments. Experiments have been performed using both passive "flashover” anodes and
active EMFAAPS exploding foil anodes driven by the LION accelerator. In addition, a series of
experiments was performed to investigate methods of removing protons from the accelerated
ion beam. Cleaning techniques have been developed for use on a Lif EMFAAPS anode that reduce
the proton content in the lithium beam.

Experimental Apparatus

The extraction diode used for these experiments is shown in Figure 1. Inner and outer cathode
coils were used to produce the radially directed insulating magnetic field. Shunts on these
coils allowed the magnetic field gradient to be adjusted, modifying the radial variation of




B/B"*. Inner and outer cathode tips were placed typicaily 6 mm from the anode surface. The
inner and outer radii of the anode were 8.6 and 11.3 cm respectively. The anode surface was
positioned at a 159 angle for geometric focusing. Passive and active anodes were used for these
experiments. The passive anodes were constructed with epoxy filled grooves in aluminum.
The active anodes were the EMFAAPS type(‘) with a 0.1 p evaporated aluminum foil. For
producing lithium beams a 1.5 u layer of LiF was vapor deposited over the aluminum foil.
The anode was isolated from the high voltage pulsed power supply by a thin insulator that
flashed over during the high power pulse but allowed the anode to be driven negative with
respect to ground for the discharge cleaning.

Typical operating parameters can be summarized as *ollows: The diode voitage ranged from
1.0 to 1.25 MV resulting in an ion current of approximately 250 KA for 40 nsec. The
insulating magnetic field parameter, B/B”, varied with radius and its gradient was adjusted
by the shunts for some of the experiments but was typically in the neighborhood of 1.5. lon
current density enhancements of 15-25 were observed. Both d.c. and 60 Hz a.c. discharge
cleaning were employed. These power supplies were operated at approximately 300 V and
100 mA.

Theoretical Model

A satisfactory theoretical model of extraction diodes must be at least two-dimensional, taking
into account the radial as well as axial electron dynamics. The most basic features of such a
model can be deduced by considering the character of the electron flow in an idealized diode.

It has long been understood(2) that the peaking of ion current density toward the outer edge of
the diode radius in a simple extractor is caused by the relative underinsulation there due to
the 1/r dependence of the insulation field. In a simple flat diode with constant rAg(magnetic
flux surfaces), this leads to a "tiit" of the edge (d*) of the electron layer toward the anode
with increasing radius as shown in Figure 2. This picture follows from arguments assuming
conservation of electron energy, and conservation of canonical momentum in the symmetry (8)
direction. Further arguments under this assumption, taking into account the axial
electrostatics (Poisson's equation must integrate to the full gap voltage across the gap at any
radius), lead to the conclusions that the (d*) surface is in fact more "tilted" than are the
surfaces of constant Ag The equipotential surfaces are tilted less than constant Ag, but more
than the magnetic flux surfaces. The important inferences are that there must be a radial
gradient in the electron density in the gap, and a non zero component of the gap electric field
parallel to the magnetic flux surfaces, that is in the radial direction for a flat anode.

It is impossible that this (radially varying) parallel electric field component will be
coincidentally exactly correct to bring the electrons into a static force balance condition in the
radial direction. Consider the terms in the radial component of the drift approximation:

d2r/dt2 = vi2/r + (e/m)(Er + vgBz - vzBg) + v12/2r.

Here Bz is non zero in a conical focusing geometry, and v is the perpendicular (cyclotron)
component of the electron velocity in the magnetic field. The terms represent, respectively,
the "centrifugal”, electrostatic, applied magnetic tilt, self-pinch, and grad-B effects.
Usually the inward forces other than E; are small compared to the outward centrifugal and
grad-B terms. However, the Er required to balance these terms is of order
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Er/Ez = vo/rae

which is typically less than 10°2. The E implied by the tilt of the equipotentials is
generally much larger. Thus the electrons in real diodes must "reflex" radially, bouncing off
potential wells at the radial edges of the ion space charge in the gap. This radial motion must
be self-consistent with the radial density gradient required by the axial electrostatics. Thus
the coupling between radial dvnamics and axial electrostatics in these diodes is strong, and
complicated.

Nevertheless, some features and implications of the simple picture of Figure 2 have been
observed in experiments. Rondeau (1) observed that an electron "collector" connected to the
anode, at a radius smaller than the inner edge of the ion-emitting annulus and projecting
partway across the gap, was able to "drain off" the electron space charge approaching the
anode at the outer edge of the annulus and so produce nearly radially uniform ion current
density. Indeed, the tilt of the (d*) line should be reduced if such a collector imposes an
additional radial electric field component, producing increasing vr for electrons in orbits
closer to the anode surface. This collector was actually located 2 cm inside the inner radius of
the emitting anode area, so for it to have had an influence on the electron flow within the ion-
filled gap, the electron orbits must have "reflexed" and sampled the field outside the ion-filled
region.

Another implication of the idealized picture is shown in Figure 3. Slutz(2) realized that the
tilt of (d*) could be compensated by a reverse tilt of the applied flux surfaces, as shown in
figure 3a. This scheme has the advantage of producing uniform Vcrit, the maximum voltage at
which the gap is marginally insulated, to all radii of the anode. This is an advantage when
running a diode near minimum applied-B strength. Figure 3b shows another way of doing this
compensation that preserves the anode as a flux surface, which is advantageous for focusing
applications. This method of changing the gradient of the applied field has been used in at least
three experiments, by Fedorov(3), by Bluhm et al.(4) at Kernforschungszentrum Karisruhe,
and by the present authors on the Lion extractor diode at Cornell.

vB Studies on a LION Extractor

A series of experiments was performed on the extraction diode shown in Figure 1 to
investigate the effects of modifying the radial gradient of the insulating magnetic field. A
proton beam was generated by using a passive, epoxy filed, grooved anode. The ratio of the
magnetic field at the outer cathode to the magnetic field at the inner cathode was varied from
0.34 to 1.0 by using current shunts on the cathode coils. The results are summarized in
Figures 4-6. Figure 4 shows the current flow to the inner and outer cathodes as measured by
Ragowski coils. The transfer of current from the outer cathode to the inner cathode with
increasing Bouter/Binner occurs when this ratio is approximately 0.55. Figure 5 shows that
the ion current is most uniform with respect to radial variation near this crossover, when
this ratio was approximately 0.5. Figure 6 shows an interesting result of this uniform
emission situation. At this particular value of the field ratio, the ion current and diode
efficiency peaked. It is of interest to note that equal ampere turns in the inner and outer
cathode coils would produce a field ratio of approximately 0.66. This means that the uniform
ion emission condition was reached by increasing the magnetic field at the inner cathode. This
is in agreement with the theoretical model discussed in the previous section.
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Extractor Diode Cleaning Studies

One of the first problems encountered when one uses active anodes to generate intense beams of
light ions, like lithium, is proton contamination. This contamination arises from hydrogen or
hydrocarbons on the anode and is a particular problem for EMFAAPS type anodes. These anodes
are constructed by vacuum evaporation of the conducting foil and of the dielectric ion source
material. This process traps hydrogen and water vapor in the foil and dielectric. In addition
these diodes require an insulating substrate which previously had been a hydrocarbor epoxy.

To rid the diode of hydrogen, the epoxy substrate was replaced by glass and discharge cleaning
was performed after the anode was attached to the pulse generator and pumped down. The
discharge cleaning study proceeded in two steps. First an EMFAAPS anode with just the
conducting 0.1 p aluminum foil was discharge cleaned. For this situation a d.c. discharge was
struck by applying approximately 300 V from the anode to ground. For these discharges the
diode was backfilled with 100-300 mTorr of Argon or Nitrogen. The anode was isolated by a
thin insulating strip which flashed over during the high power pulse. The discharge was run
for 5-10 minutes with a current density of approximately 500 uA/cmz. A second series of
measurements was performed with an anode which had a 1.5 p LiF layer evaporated over the
aluminum foil. In this case a d.c. discharge could not be used because the insulating properties
of the LiF effectively introduced a capacitor in the circuit for the discharge. A 60 Hz a.c.
discharge appeared to work well.

The results of the cleaning study are summarized in Table 1. A Thompson parabola and
fitered Faraday cups were used to measure the hydrogen content of the beams. The d.c.

Table 1. Cleaning Resulits

_—_—

Cleaning | Firing Beam Composition (%)
Anode Duration | Delay

(min.) [(min.)] g Al C o Li F
Groov'ed Epoxy 0 - 60+15 | 2+2 |[30%£10]| 7S5 - -
AlFofl on Epoxy 0 - 80+20 | 9+5 8+5 3+3 - -
Al Foil on Epoxy SDC Art| 3 60+25 | 23+£15 | 12+10} S+5 - -
AlFo?l on Glass 0 65+20 | 29+15 | 5+5 1+£2 - -
Al Foil on Glass SACArt| 3 40+20 | 50+20 | 545 5+5 - -
Al Foil on Glass SDCArt| 3 25420 [ 6015 | 945 6+5 - -
Al Foil on Glass 5DCArt| 15 | 55+20 | 4015 | 242 3+3 - -
AlFofl on Glass 5DC Ht 3 85+15 ] 13+£10 | 1+£2 1£2 - -
Al Foil on Glass 1I0DCH*| 3 70+£10 | 17410 { 11+10] 2+£2 - -
L?FonAlFoflonGlus 0 3 55+£25 | 6+£5 |14+10] 4+4 | 204£15 | 1%2
LiF on Al Foil on Glass |5 AC Ar*| 3 1515 | 19+$5 0+2 1£10 | 65£15] 2+2

discharge cleaning of aluminum foil over glass reduced the hydrogen content from
approximately 65% to roughly 25%. Each entry in this table represents the range of values




- 47 -

for several shots. The a.c. cleaning of the LiF anode resulted in a reduction of the hydrogen
content of the beam from 55% to 15%. In both situations waiting 15 minutes after
terminating the discharge cleaning resulted in recontamination of the surfaces.

Rapid Rate lon Diode Experiment

Since Beams '90, the Rapid Rate lon Diode Experiment (RRIDEX)(S) has undergone several
improvements and currently generates 120 keV beams of several tens of kilcamperes at 90 Hz
in bursts of up to ten shots. It can produce beams from any gas and has employed hydrogen,
nitrogen, argon and acetylene. This diode can aiso pulse at one shot per minute indefinitely.
This feature provides a unique opportunity to perform difficult experiments requiring many
data points or even to conduct experiments on a statistical basis. In particular, this capability
is being exploited in an attempt to study virtual cathode formation.

In this study we backfill the diode with a low pressure of helium and observe the line radiation
that He neutrals emit when they are collisionally excited by the electrons in the virtual
cathode. The population dynamics of the helium neutrals is simplified by two factors. First,
since we are investigating cathode formation, we are interested in only the first 0-30 nsec of
the voltage pulse, which is on the same order as all of the radiative transition times between
the excited states. Second, virtually all of the helium is in the ground state initially. These
two factors taken together imply that the intensity of an emission line is approximately
propoitional to the collisional excitation rate from the ground state to the initial state of the
emission line. In turn, the collisional excitation rate is proportional to the virtual cathode
electron density and also proportional to (In v)/vZ, where v is the electron velocity. Thus by
monitoring several lines it should be possible to extract the spatial and temporal dependence
of both the density and velocity of the virtual cathode electrons. This model assumes that the
virtual cathode is a cold fluid so that all of the electrons within the same small volume have
the same velocity.

There are several complicating factors, however. First the helium neutrals can also be
excited by collisions with the beam ions. We are attempting to quantify this problem. At
present we are using a beam of massive argon ions which traverses the gap in 2 15 nsec and
will therefore not compete much with the electrons at early times. Second, the signal to noise
ration is rather low, so we must signal average. It is here that the high pulse rate and good
pulse-to-pulse reproducibility become invaluable.

*Work supported by Sandia National Laboatories
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Abstract

In the paper we describe a magnetically insulated proton diode in extraction geometry de-
veloped for the high voltage pulse generator KALIF which produces a 40 kJ proton beam
pulse at a power level of greater than 0.65 TW. This is very close to the optimum for the pa-
rameters of KALIF and was reached through a high diode coupling efficiency (80 %), a high
ion production efficiency (90 %), and a high beam purity (80 - 90 %). The key elements of
the diode are an active proton source based on a thin Ti-hydride film covered by a thin lay-
er of Pd and a strong insulating magnetic field (Vi / V 2 3.0).

A microscopic divergence of about 1.0 ° and a total divergence of 1.4 ° for the complete sys-
tem have been measured. it has been found that an electron limiter at the anode signifi-
cantly reduces the microscopic divergence of the beam.

Focussing to proton power densitites of 1 TW / cm2 has been achieved by eliminating most

of the chromatic aberrations and by correcting for the spherical aberrations.
Introduction

The proton beam extractor diode developed for the 1.5 TW, 1.7 MV puise power generator KALIF is
based on the simultaneous application of an actively produced anode plasma source and of a strong in-
sulating magnetic field. Its main design characteristics have been described previously [1, 2] and will
only briefly be summarized here. The diode hardware is shown in Fig. 1. The anode plasma is created
from a thin layer of Ti-hydride covered by a protective layer of Pd. The Ti and Pd-films of respectively
300 - 500 A and 100 - 200 A thickness were deposited on a 0.5 mm thick insulating layer of epoxy which
covered the active area of the anode. At their inner and outer edges the films were contacted to the
bulk aluminum anode by 1 ::m thick and 2 mm wide deposited Al-rings. Early in the generator pulse
part of the generator current is diverted through the Ti-Pd-film with the help of a bypass plate and 6
plasma opening switches (POS). By this current flow the films are resistively heated to melting tempera-

tures and hydrogen is desorbed rapidly from the Ti-store.
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As the resistance and therefore the voltage drop across the films is rising too, an electrical dis-
charge occurs in the desorbed gas layer as soon as a critical thickness necessary for the development of
electron avalanches is exceeded. Thus before the POS opens and before any voltage occurs in the diode
an anode plasma has been formed. Further details on this ion source may be found in {3, 4].

The strong insulating field is produced by two compact concentric coils interconnected in series. A
detailed description of the coil design is given in another paper included in these proceedings [5).

In the experiments presented in this paper a mean insulating field of 2 T was applied at the position
of the cathode tip. its strength varied by less than 22 % over the anode emission zone, reaching a mini-
mum at an intermediate radius of 7 cm.

The cathode was a hollow truncated stainless steel cone of 0.5 mm wall thickness. Atitstopa3-5
mm long edge projected into the direction of the anode. We define the geometric gap by the distance
from the anode that a fictitious plane passing through the cathode tip maintains. In most experiments
this gap was 8.5 mm.

Assuming that the virtual cathode is distributed along the magnetic field line crossing the cathode
tip we obtain a critical voitage of typically 4.9 MV and 6.6 MV at the outer and inner edge of the ion
emitting zone respectively.

A 1.5 um thick Mylar foil 1.4 cm distant from the anode separated the diode vacuum region from
the drift space which was filled with 5 mbar of Argon.

Basic requirements

in case of an ideal focussing system with no aberrations the maximum possible proton beam power

density is given by

P
p

n 28

where P, is the proton beam power in the diode, § is the half angle of the cone with which a beam-

L

¢ =

letis emitted from a point at the exit of the diode (divergence angle), f is the focal length of the ion op-
tics and g is a geometric factor, determined by the polar angles ¢1, $2 limiting the diode emission
zone. Therefore, a prerequisite for achieving a high power density in a focus is a large proton beam
power in the diode, a small divergence of the beam, and a short focal length of the optics.

It has been argued previously that there exists a lower practical limit for the focal distance of an
applied-B extractor diode {2,  For the parameters of KALIF this has been estimated to be around 12 cm.
The attainable proton beam power Pp is limited by the electrical power coupled to the diode, by the
ion production efficiency and by the purity of the beam. Due to the large inductance of 65 nH connect-
ed with the vacuum feed of KALIF the available electrical power is below 1 TW. Of this up to 0.9 TW
have been coupled to the ion diode. Applying a large magnetic insulation field (V¢rir / Voperation = 3) it

has been possible to achieve an ion production efficiency of greater 90 %, and with the metal hydride
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anode plasma source a beam purity of between 80 and 90 % protons has been reached. Therefore, the
protcn power delivered by the diode was between 0.64 and 0.72 TW.

There are three main sources contributing to the ion beam divergence §: the anode plasma, the
electron sheath, and small angle scatterings in the driftspace. An inhomogeneous anode plasma cover-
ing the active area of the anode incompletely and a rough plasma surface have long been considered
as the most important causes for ion beam divergence. From time resolved luminosity investigations
during the early turn on phase we infered that our Pd covered Ti-hydride ion source produced a uni-
form covering of the anode. This conclusion was supported by the observation that generally all aper-
ture holes of a shadow-box gave an image on the detector. However, we cannot exclude that a rough
or wavy surface also occurs with our plasma source.

Electromagnetic fluctuations in the diode electron sheath are considered to be another important
contributor to beam divergence. These fluctuations result from instabilities that develop in the elec-
tron sheath. 1t has been found by linear stability analysis that a high frequency diocotron type and a
low frequency ion mode instability can develop in an ion diode with virtual cathode [6)]. Since the in-
verse frequency of the ion mode instability can be of the order of the ion transit time in the gap its ef-
fect on beam divergence is much more severe. It has also been found by fully electromagnetic particle
in cell code calculations that the ion mode instability is suppressed as Icng as the less destructive dioco-
tron instability dominates [7]. Consequently, there may be two strategies to decrease the beam diver-
gence: The first is to reduce the growth rate of any instability by a strong magnetic field. it has been
demonstrated by PIC-code results that such a reduction occurs but it is presently unknown which field
strength might be necessary to suppress the growth for the complete pulse duration. Nevertheless, in
our experiments we mainly tried to achieve a low divergence beam by applying strong magnetic fields.
The second strategy is to conserve the less destructive high frequency instabilities. It has also been
found in the PiC-code calculations {7} that this possibly can be achieved with the help of an electron
collector ring on the anode. We shall describe later in this paper the effect of an electron collector on
beam divergence in our diode.

To focus a beam one has to apply a suitable ion optical system and to determine and eliminate its
aberrations. However, with a high power diode we are not completely free in the choice of the optical
system but always have to cope with a combination of different elements. Some of these elements are
magnetic by nature (either self- or applied magnetic) and therefore show strong chromatic aberra-
tions. Since it is impossible to correct these aberrations it is necessary to avoid them. This is best
achieved if we have both a square pulse in the diode voltage and in the diode current. Therefore, in
our experiments we strived for a common plateau in voltage and current. The degree of phase uni-
formity that has been achieved is shown in Fig. 2. In this shot the plateau lastet for a period of about 50
ns. Nevertheless, we may still have some chromatic aberrations due to an ior energy spread caused by

instabilities or by charge exchange processes in the anode plasma [8, 9).
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All focussing elements effective in our diode show some spherical aberrations. However, given a
high degree of reproducibility in the diode operation they can be eliminated completely if they have
been measured with sufficient accuracy. This will be discussed in the next sections.

The remaining aberrations result from the nonzero canonical angular momentum of the ion beam
due to the diffusion of the insulating magnetic field into the anode. Again this focussing error can
theoretically be corrected completely by the superposition of a slow field. In practice however, this is
complicated by the expansion of the anode plasma across the magnetic field lines during the pulse.

The focussing system

There are three possibilities to focus the beam: by external or selfmagnetic fields and by electro-
static fields.

For the ion energies produced in our diode it is difficult to construct a suitable magnetic lens with
short focal distance. One can roughly approximate the focal length f of a solenoid by

4 r2
g

1

where rq is the gyroradius of the ions to be focused and 1 is the length of the solenoid. In a 1 Tesla mag-
netic field the gyroradius of 1.7 MeV protons is 18 cm. Therefore, it seems to be difficult to base our fo-
cussing system on a magnetic lens. Another disadvantage of a magnetic lens is its strong chromatic ab-
erration.

Focussing by selfmagnetic fields also suffers from chromatic aberrations and in addition is difficult
to control and needs a high degree of reproducibility both in voltage and current density.

The best solution for an ion optical system with short focal length is an electrostatic lens integrated

into the diode which in ion optics is known as an immersion lens. The focussing effect of this lens is
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based on the curvature of the equipotential surfaces in the diode gap. Since it is free from chromatic
aberrations it is reasonable to make the immersion lens the main focussing element.

Unfortunately it is presently impossible to precalculate the diode lens with sufficient accuracy. in
addition the effect of the self- and external magnetic fields on the ion trajectories are not negligible.
Therefore, we have to determine the 10n trajectories experimentally and to iterate an improved anode
curvature from these measurements.

Diagnostics

The type of shadow-box that was used in our experiments to determine the ion trajectories at dif-
ferent positions along the driftpath consists of a 0.1 mm thick stainless steel aperture mask containing
16 holes 0.7 mm diameter each distributed over 4 radial and 16 azimutha! positions. The beamlets se-
lected by the aperture are Rutherford scattered by a 2.5 um Ni foil. The scattered ions are imaged with
a pinhole camera onto a CR-39 ion sensitive film covered by a 10 um thick Al-foil. Therefore, only pro-
tons with energies above 1.2 MeV resulted in visible tracks. After etching the CR-39 films were evaluat-
ed with a fully automatic nuctear track recording system.

With the aperture positioned closely behind the window-foil (i.e. 17 mm from the anode) the same
arrangement was used to measure the ion beam divergence.

To determine the proton power-density L¢ in the focus we must know the current density distribu-
tion at the focal spot and the ion energy E,. The current density distribution measurement has been di-
vided into two steps: In the first step we measure the relative distribution f(r) in the focus and in the
second we determine the amplitude |, of this distribution:

Le(r) = Imf(NEp

All parameters are evaluated for the time of maximum power in the diode. £ is determined from
the voltage trace. f(r) is found with the help of the nuclear reaction p (B, a) 2a in which three isotropi-
cally emitted a-particles with energies between 2 and 6 MeV are produced per reaction. Compared to
Rutherford scattering this reaction has the advantage that ions with different entrance angles approxi-
mately produce the same a-particle yield. Differences do only occur because of the different ion path
lengths in the reaction foil. The emitted a-particles are imaged with a pinhole camera onto a CR-39
film.

Using a 14 um Al attenuation foil in front of the 6 um B-foil and another 15 um Al-foil in front of
the CR-39 film this method can also be made proton energy selective [10]. With the described arrange-
ment only protons having energies above 1.2 MeV contribute to the focus image.

The amplitude I, of the current density distribution is determined with the ablation proof two step
LiF-Cu activation method developed by R. Leeper [11]. The final activation product in this method is the
B’ -emitter Cu62 with a halftife of 9.74 min. From the activation measurement and the measured diode
voltage we obtain a weighted proton current <I5>,:
<L>, Iy; €, (1) dt = e (C ~ Blexp. (— At))/ (1 — exp (—AT)
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where y*, (Ep) is the activation yield corrected for the contribution by deuterons of natural abundance.
C is the number of counts recorded in a time period T beginning at time t, after the pulse. B is the num-
ber of background counts, and A is the decay constant of Cub2.

We also calculate a weighted ion current <[,> from the electrical measurements:

<> [y} € ()t = [1, )y (E (Lt

The value of <!,> is always appreciably larger than <i,>, because of losses at the vanes holding
the inner field coil in place and because of the coaxial interconnection between the coils. Altogether
this reduces the free cross section by a factor of 0.76. In addition we may have losses at the walls and
some ions can miss the activation target. Apart from this <|;> is smaller than <l,>, because of the
nonprotonic component of the beam (up to 20 %). Since we are interested in the peak power density
we use <|;> to determine a correction factor M which is the ratio of the electrically measured ion cur-
rent at peak power to the weighted current <!,> defined above.

Finally we approximate the current density distribution by a circular Gaussian distribution and use
the following formula to determine the maximum proton power density:

Min2 <I > E
L = p a’"p

F 2
nr.,

where rq,; is the half width at half maximum of the Gaussian distribution fitted to the experimental
data.

Results

In a previous series of experiments anodes with a spherical shape and a radius of curvature of 12 ¢m
were used [2]. We anticipated a strong defocussing effect of the diode lens because we expected the
virtual cathode following the magnetic field lines to bend away from the anode between the coils. This
expectation was supported by earlier results of PiC-code calculations.

However, experimentally we found an annular focus at the position of the vanes that hold the in-
ner field coil in place. Anodes with a radius of curvature of 15 cm used subsequently did not sufficiently
shift the annular focus towards the axis. The next iteration led to a conical anode with a slope of 53 ° to
the axis. With this shape the beam trajectories reached a common waist at a mean position of 12.2 cm
from the anode with a diameter of 5 - 7 mm. Only the outermost rays did not reach the focus (Fig. 3).

From the results of the activation measurements we infered thai about 0.45 TW of the available
0.64 TW proton beam power had reached the focal plane. The relative current density distribution was
determined in a subsequent number of shots in which the position of the target was shifted stepwise
along the axis. In the shot which gave the highest concentration the distribution was somewhat non-
symmetrical. Therefore, we fitted a twodimensional Gaussian distribution to the data whose variances
were calculated from the fwhm of two cuts perpendicular to each other through the experimental dis-

tribution. The two fwhm's were found to be 5.3 and 7.2 mm respectively. Using these data we calculat-
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ed a proton beam power density of 1.05 TW / cm2. To the author's knowledge this is the highest ion
beam power density ever obtained with an extractor diode.

To get an improved understanding of the ion trajectories we must know the position and the shape
of the ion emitting surface and of the virtual cathode. Because of the large ratio between magnetic
pressure and thermal pressure anode plasma expansion is possible only if the magnetic field penetrates
into it. A rough estimate of the position of the plasma surface can therefore be obtained from a mea-
surement of the canonical angular momentum of the ions in a field free region close to the focus. This
measurement is best done with a set of two scattering foils separated by a few centimeters. From its
minimum approach to the axis we can determine for each trajectory how much flux was lost through
the emitting surface. If we take as a basis the original magnetic field distribution in the diode gap we
can find an upper limit for the plasma expansion at the trajectory origin. The position of the ion emit-
ting surface derived through this procedure is shown in Fig. 4 together with the original distribution of
the magnetic field. As one would expect, the expansion is somewhat bigger at the edges of the plasma
region than in the middle. The derived expansion of the plasma of between 2.0 - 2.5 mm at peak diode
power is an upper limit because due to the diamagnetic effect the flux may have been compressed in a

smaller interval.
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Fig.3 Measured ion trajectories for a conical anode Fig.4 Experimentally derived shape of the
(extrapolated with a PIC drift space code) ion emitting anode plasma surface

and of the virtual cathode
A simple estimate of the position of the virtual cathode relative to the ion emitting plasma surface

can be obtained from Child Langmuirs' law if we know the ion current density as a function of position
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d
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where ¢ is an enhancement factor due to the electron charge distribution alone (we took ¢ = 5.5 as-
suming a constant charge density in the gap). A value for j, time averaged over the duration of the volt-
age plateau, has been obtained by integrating the shadow-box traces. These values are used to deter-
mine dets as a function of position. The resulting shape of the virtual cathode presented in Fig. 4 gives
at least a good qualitative description of the equipotential distribution in our diode gap. It does ex-
plain the over-focussing of the ion trajectories in case of a spherical anode. Moreover, the strong in-
ward bending of trajectories from the outer edge of the emission zone, even observed with the conical
anode (see Fig. 3) becomes understandable.

The microscopic divergence including contributions from processes in the diode and in the drift
space has been measured to be between 1.1°and 1.3 ° for a conical anode and a strong magnetic insu-
lation (Vra / Voperation 2 3.2, B = 2T). From this we deduced a microscopic divergence singly due to di-
ode effects of 0.9 °to 1.1 °. To estimate the theoretically achievable proton power density we need the
macrospcopic divergence too. This has been determined from the mean radial and azimuthal devi-
ations from an average position of corresponding beamlet patterns. Adding the microscopic and mac-
roscopic divergences quadratically we obtained a total divergence of about 1.4 °. Using this value the
maximum possible proton power density achievable with our diode is estimated tobe 1.9 TW/cm2.

It has been pointed out earlier that contributions to the beam divergence due to electromagnetic
fluctuations in the electron sheath possibly can be reduced by an electron collector ring on the anode.
To investigate this effect we conducted a series of experiments at lower magnetic insulations (0.93 T -
1.6 T) where we expected electromagnetic fluctuations to make important contributions to the diver-
gence. The electron collector was positioned about 11 mm below the active anode area. Comparing
analogous shots with and without electron collector we observed the following general trends : De-
pending on the height of the collector the divergence angle due to diode effects was 20 - 30 % smaller
with than without collector. The larger reduction being obtained with the greater height (6 mm). The
effect seemed to be larger at larger anode radii and the variance of the divergence angles was always
greater in shots without than with the limiter.

We therefore think that there is a noticeable reduction of beam divergence if an electron collector
is used on the anode.

Summary

We have found that an extraction diode using a preformed anode plasma and a strong magnetic
insulation field (B/Biy = 2.5) can produce uniform focusable ion beams with efficiencies greater than
90 %. An electrical discharge through a thin Ti-Pd-hydride film creates a uniform hydrogen plasma lay-
er from which an ion beam with a proton fraction of greater 80 % can be extracted. Focussing of this
beam to high power densities was achieved by minimizing the chromatic aberrations through a com-
mon plateau in diode voltage and current and by correcting the spherical aberrations of the active fo-

cussing elements iteratively. Thus it has been possible to reach power densities of 1 TW/cm2.
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A shape of the ion emitting plasma surface has been derived from measurements of the canonical
angular momentum. From an evaluation of the ion current density we have determined this effective
acceleration gap and thus the position of the virtual cathode. These equipotential boundary surfaces
are consistent with the observed ion trajectories. Using the experimental value of 1.4 ° for the total
beam divergence we calculated a maximum possible power density of 1.9 TW / cm2. Taking into ac-
count the transparency of the drift space a value of 1.5 TW / cm2 seems more realistic. To achieve this
power density we must further reduce the imaging errors of our focussing elements and especially
must diminish the canonical angular momentum. This may be either achieved by an improved compen-
sation of the diffused magnetic field or by a higher degree of ionisation in the anode plasma.

A further enhancement of the power density in the focus requires a reduction of the beam diver-
gence. It has been shown that an electron collector on the anode has a certain potential to achieve that
goal.
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Abstract

The Laboratory Microfusion Facility (LMF) has been proposed for the study of high-
gain, high-yield ICF targets. A number of transport and focusing schemes are be-
ing considered for LMF. The schemes which have been studied most extensively
include ballistic transport with solenocidal lens focusing, z-discharge channel trans-
port and wire-guided transport. Transport efficiency ny has been calculated as a
function of various system parameters so that point designs can be developed for
each scheme. The analysis takes into account target requirements and realistic
constraints on diode source brightness, packing, and beam transport. The effect
on 1, of voltage ramping for time-of-flight bunching has also been considered.
Results show that transport efficiencies of > 50% can be obtained for all three sys-
tems with diode-microdivergence (5-10 mrad), diode-radius (10-15 cm), and diode-
ion-current-density (2-10 kA/cm2) values which seem achievabie.

l. Introduction

A multimodular light-ion inertial-confinement-fusion (ICF) system directs energy from
about 10 to 30 intense ion beams onto a target for implosion. Each beam is focused and trans-
ported over a distance of a few meters from the ion diode to the target. This standoff allows for
packing the pulsed power generators around the target chamber. It also provides for isolation
of the diode hardware from the target explosion and for power compression by time-of-flight
(TOF) bunching.

The Laboratory Microfusion Facility (LMF) has been proposed for the study of high-gain,
high-yield ICF targets.1 A number of transport and focusing schemes are being considered for
LMF.2 The baseline approach is ballistic transport with solenoidal lens focusing3’4 (BTSF),
and alternate approaches include z-discharge channel transport5 (ZDT), wire-guided transport6
(WGT), and self-pinched transport7. Because they have been most extensively studied, this
paper will concentrate on BTSF, ZDT, and WGT.

Transport efficiency is defined to be the ratio of ion energy which is delivered to the target
to the total ion energy produced in the diode. Transport efficiency has been caiculated as a
function of various system parameters for each scheme so that LMF point designs can be de-
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veloped The analyses take into account target requirements and realistic constraints on diode
source brightness, packing, and beam transport. Results show that transport efficiencies of
> 50% can be obtained for all three systems with diode-microdivergence (5-10 mrad), diode-
radius (10-15 c¢cm), and diode-ion-current-density (2-10 kA/cm2) values which seem achievable.
Not included in the analysis is waveform efficiency and beam energy losses. The waveform
efficiency accounts for energy in the head and tail uf the power pulse which is not usable.
Beam energy losses, which are typically on the order of 10%, are due to beam ion deceleration

in the self-consistent electric fields and the collisional stcpping power of the background gas.

il. lon Source Modei

For LMF, lithium ions will be extracted from an applied-B diode.8 Itis assumed that the
ion current density is uniform across the annular anode surface which extends from a radius of
R/2 to R. lons orbits are bent toward the axis in the diode vacuum region by the self-magnetic
field of the beam. For small bending angles, 8y(rt) = w.A/v, where @, is the beam ion cyclo-
tron frequency associated with the self-magnetic field in the diode region, v is the ion speed,
and A is the distance from the anode to a transmission foil which separates the diode vacuum
region and the gas-filled, charge- and current-neutralized transport region. There is no bending
a. the inner edge of the annular beam, where the self-magnetic field is zero. Anode shaping is
used to compensate for the magnetic bending in the diode to provide a forward directed, paral-
lel beam for BTSF or a focused beam for ZDT and WGT. Beam ions are stripped from L+t to
Lit3 as they pass through the transmission foil. lons are assumed to leave the diode region
distributed uniformly in a cone of haif angle ©,, about the average angle 64 = Op(r.t)+64(r),

where © , is the source microdivergence and 94(r) results from the anode surtace shaping.

Since Bbuvaries in time as /V1/2, whare | is the beam current and V is the accelerating voltage,
©4 can only compensate for ©), at one point in time. This time is chosen to be when the aver-
age voltage, V,,, is reached. Assuming here that the diode curre..: scales? as I(t) =|(.‘,[V(t)NO]2
and that V increases in time for TOF bunching, it is seen that ©4 over-compensates for 8, early
in time and under-compensates late in time. This will lead to an inward sweeping of 84 as a
function of time. This model assumes char ges in @ in time due to anode plasma motion are
neglgible.

The bunching factor is defined as B = 1,/%, where 1, is the beam pulse duration at the
diode, and 1, is the beam pulse duration at the target. If D is the total path length for the beam

from the diode to the target, then the ideal voltage ramp for TOF bunching1 0is given by
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' (1)

where T = D/v(0). For these calculations, V, = [V(0)+V(14))/2 = 30 MeV, D = 400 ¢cm, and
7, = 15 ns is set by pellet design requirements for a 10 MJ total beam energy. Setting the total
beam energy per module,

e} Io 1:o 3
E_ = f IV dt = j [V(t)] dt ’ (2)
0 v 0

o N

to (10/N) MJ specifies |, for given values of 1, = Bty and N, where N is the number of modules.
For LMF, bunching factors of § = 2 - 4 will be required for ion pulse durations of 30 - 60 ns at
the diode. The required diode ion current density is derived from J, = 4I°/3nR2 with R on the

order of 10 cm.

ill. Ballistic Transport With Solenoidal Lens Focusing

For BTSF, the beam is extracted from the diode parallel to the axis and is propagated
about 250 cm at large radius. The solenoidal lens then focuses the beam over a distance
F = 150 cm onto a target of radius r; = 1 cm. Since F = 't’ep’ it is chosen as the smallest prac-
tical target chamber radius in order to maximize allowable eu vaiues. Beam-induced break-
down of the background gas provides beam charge and current neutralization’ 1, which is as-
sumed to be complete. This system is illustrated in Fig. 1. A 30-cm long (Lg), 30-cm radlus
(Rg) solenoid is uzed with 25-cm radius flux excluding shields on either side to confine the field
to the vicinity of the lens. The solenoid radius is limited by packing constraints in the target
chamber wall. The magnetic field strength of the lens is adjusted to provide a 150-cm focal
length at V, and is typically about 20 kG on axis at the center of the solenoid. The code
ATHETA'2 is used to create the solenoidal magnetic field map used for the transport efficiency
calculations. The diode region is protected from the target blast by a center plug in the solenoid
(not shown in Fig. 1). The outer radius of this plug is determined by the line-of-sight from the
center of the target chamber to the outer edge of the diode. lons at small radius are removed
from the beam if they strike this plug.

The diode and solenoidal lens parameters can be matched to minimize chromatic effects
due to the TOF voltage ramp. For the BTSF system discussed here, this results in the
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condition A = 0.047R2/IO(MA), where | changes with the choices of § and N [see Eq. (2)]. For
ZDT and WGT, A is fixed independently of R or |,. Because the BTSF system is nearly achro-
matic, the reduction in i, due to focus sweeping should be less for BTSF than for either ZDT or
WGT. Constraints on the stripping foil placement due to beam ion angular momentum consid-
erations in an extraction diode!3 are not considered here, but will be investigated in the future.
The snolid curves in Fig. 2 show the calculated transport efficiency 1, as a function of
diode radius R for BTSF without including focus sweeping due to the TOF voltage ramp.
Results are shown for N = 20 and show a decrease in n; at R = 10 cm from about 100% to
about 50% as Gu increases from 5 mrad to 10 mrad. The fall off in i, for large R is caused by
the increasing gradient in the magnetic field away from the center of the solenoid.# This gradi-

ent causes ions at different radii to focus at dif-

ferent axial locations. The dashed curve shows

12

¢ for ©, = 5 mrad including focus sweeping

7]
with § = 2. The TOF voltage ramp reduces n,

at R = 10 cm from about 100% to about 95%.
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schemes discussed here, larger values of B further reduce ny. Figure 3 shows rP(r,z) (i.e., the
beam power density multiplied by r) at four times during transport for the case with N = 20, A =
8cm,R=10cm, GH =5mrad and B = 2. For BTSF, P increases rapidly near the target where

the beam both bunches and focuses.

IV. Ballistic Focusing With Z-Discharge Transport

For ZDT, the anode is shaped to ballistically focus the beam onto the aperture of the
transport channel located a distance F from the diode. Inside the channel, the magnetic field
associated with the discharge current radially confines the ions. Once focused, the beam then
propagates down the channel with a small radius on the order of the target size. At the exit, the
beam expands slightly over the pellet standoff distance d. The ZDT system is illustrated in
Fig. 4. The low-mass current return wall provides stability for the discharge and results in a
small but tolerable amount of debris for LMF.14 The aperture radius is chosento be r, = Feu
so that at V,, the full beam enters the channel. Because of the time dependance of 84, the
focus sweeps inward in time so that early and late in the pulse some ions will strike the aperture
and be lost. To allow for trapping of the expanding portion of the beams, the channel radius is
chosen so that rc2 = 2ra2. Unlike the BTSF case where F is restricted by the target chamber
size, F is allowed to decrease for ZDT as ep increases to maintain a channel size on the order

of the target size. Consequently, F = rt/21/ 2, with ro = . Finally, a typical channel current of

M
lc = 40 kA is chosen. For these calculations, the discharge current density is assumed to be
uniform and complete beam charge and current neutralization is assumed in both the gas-filled

ballistic focusing region and in the transport channel. Packing considerations determine a
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Figure 5. Plot of n vs. R for ZDT without

Figure 4. Schematic of ZDT system. focus sweeping (solid curves) and with
focus sweeping (dashed curve).
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standoff distance of d = ,(N/2) /2 between the
channel exit and the target.5 The length of the

transport channel is given by D - F - d and is on
the order of about 250 cm.

The solid curves in Fig. 5 show 1 versus

P (TW/cm)

R for ZDT without including focus sweeping.

= Results are shown for N =20 and A = 4 cm,
L f and show a decrease in ny at R = 10 ¢cm from

2wy 4 about 100% to about 40% as ©,, increases

Figure 6. Plot of rP(r,2) at four points intime  from 5§ mrad (F = 150 cm) to 10 mrad (F =
during transport for ZDT. 75cm). For ZDT, the fall oft in 1 for large R

(at fixed 1) is caused by increased ion losses to the channel wall as ions enter the channel at
larger angles. This ion entrance angle scales roughly as R/F. High efficiency can be extended
to larger R by increasing |, (to reduce losses to the wall), however, more rapid beam expansion
in the stand-off region eventually limits this.5 The dashed curve in Fig. 5 shows n, for eu =
5 mrad (F = 150 cm) including focus sweeping with § = 2. The TOF voitage ramp reduces n at
R = 10 cm from about 100% to about 87%. Because 8, scales as R1 for fixed 4, the reduction
in 1, due to focus sweeping decreases as R increases. Figure 6 shows rP(r,z) at four times
during trans-port for ZDT with N =20, A=8cm, R=10cm, (-.")‘1 =5 mrad and f = 2. Unlike the
BTSF case, here P increases first near the channel aperture where the beam focuses and

continues to increase as the beam bunches approaching the target.

V. Ballistic Focusing With Wire-Guided Transport
The WGT system is illustrated in Fig. 7. Here, the magnetic field associated with the
current flowing in the gas-embedded central guide wire provides the radial confinement of the

ions. The focal distance and aperture size are chosen for a given ©,, in the same way as for

ZDT so thatr, = F§, = 't/21/ 2, The wire radius is set at rw = 0.035 tm and a wire current of
lw=40kAis chosen.8 For WGT, there is no confining wall and the transported beam radius®
is given by rp, = Feuexp(vR2/2vwF2) where v, = 2Ze|wjmi02, Ze and m; are the ion charge and
mass, and c is the speed of light. Beam-induced breakdown of the gas in the ballistic focusing
region and in the gas surrounding the guide wire again results in beam charge and current neu-
tralization during transport. Return-current wires are placed around the central guide wire at a

radius of about 1.4r, in order to minimize losses due to chaotic orbit effects while maintaining
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Figure 7. Schematic of WGT system focus sweeping (solid curves) and with

focus sweeping (dashed curve).

as compact as possible WGT system radius for packing.e‘ Because the return wires are placed
at 1.4ry,, the standoff distance becomes d = rbN“ 2 for WGT.

The solid curves in Fig. 8 show n, versus R for WGT without including focus sweeping.
Results are shown for N = 20 and A = 4 cm, and show a range in ; at R = 10 cm from about
55% to about 75% for 911 between § mrad (F = 150 cm) and 10 mrad (F = 75 cm). For WGT,
the fall off in n for small R is caused by ions with small angular momentum hitting the central
guide wire. The fall off in 0 for large R (at fixed |,,) is caused by an increase in the beam
radius (beyond the target size) as ions enter the channel at larger angles. Here again, this ion
entrance angle scales roughly as R/F. Losses are bigger for WGT than for ZDT because of the
larger standoff distance and more rapid beam expansion in the standoff region. The more rapid
expansion is a result of larger average transverse ion energies because of the larger average
magnetic field with the centrally located current in WGT than with the distributed current in ZDT.
Because of this more rapid expansion in the standoff region, increasing |,,, for WGT is not as
effective as increasing |, for ZDT in extending high efficiency to larger RE The dashed curve in
Fig. 8 shows 7, for G)u = 5 mrad (F = 150 cm) including focus sweeping with B = 2. The TOF
voltage ramp reduces 1; at R = 10 cm from about 70% to about 60%. Aside from accounting
for somewhat lower n, and showing more rapid beam expansion in the target standoff region,

the beam power density P(r,z) for WGT is similar to that shown for ZDT in Fig. 6.

Vi. Summary
Transport efficiency has been calculated as a function of various system parameters so
that LMF point designs can be developed for BTSF, ZDT, and WGT schemes. The analysis
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takes intuv account target requirements and realistic constraints on diode source brightness,
packing, and beam transport. Focus sweeping due to voltage ramping for TOF bunching has
been considered. Because the BTSF system is nearly achromatic, the focus sweep effect
reduces 1 the least for BTSF (when R < Ry/3). Results show that reasonably high transport
efficiency (> 50%) can be obtained for all three systems with diode-microdivergence (5-10
mrad), diode-radius (10-15 cm), and diode-ion-current-density (2-10 kA/cmz) values which
seem achievable. Initial point design values are c-)p =5mrad, R=15cm,and J; =2 kA/cm?.
High ny can be extended to larger R than displayed in Figs. 2, 5 and 8 by increasing Rq for
BTSF,5 | for ZDT® and |, for WGT#. Eventually this is limited by packing constraints for BTSF
and more rapid beam expansion in the target standoff region for ZDT and WGT. For the ZDT
and WGT analyses presented here, the beam was focused onto the aperture at F near the
midpoint of the voltage pulse (at the time of average voltage). Future work will investigate
optimizing 0 by adjusting the aperture size r, and focal length F to minimize the focus sweep
effect for ZDT and WGT. Minor adjustments of the solenoidal lens field strength will be studied
to optimize n for BTSF with focus sweeping. Waveform efficiency and beam energy losses
during transport have not been considered and will reduce the overali efficiency. The sensitivity
of the transport efficiency on the beam microdivergence modet also needs to be studied.
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HYDRODYNAMIC TARGET EXPERIMENTS WITH PROTON BEAMS AT KALIF
Diagnostics of the Ablation Pressure by Laser Doppler Interferometry;
Generation of Multi-Mbar Pressures by Ablative Foil Acceleration and Impact

K.Baumung, H.U.Karow, V.Licht, D.Rusch, J.Singer, O.Stoltz, H.Bachmann,
W.Bauer, H.Bluhm, L.Buth, B.Goel, M.F.Goez, H.Guth, P.Hoppé, H.Lotz, C.D.Munz
Kemnforschungszentrum Karlsruhe (KfK)

P.0O.Box 3640, D-W7500 Karlsruhe, Germany
and
G.1.Kanel, A.L.Ni, A.Shutov, O.Yu.Vorobjev
High Energy Density Research Center
IVTAN, Russ. Academy of Sciences, Moscow, 127 412, Russia

The hydrodynamic response of plane targets to the ablative pressure impulse in-
duced by high-power proton beams has been investigated experimentally at the
KALIF facility using time-resolved laser Doppler interferometry. With this
KALIF-ORVIS diagnostics system, it has been possible to measure the complete
wave form of the ablation pressure pulse, p,pi(t), generated in aluminum at the
boundary to the condensed target matter. In another class of experiments, the
ablative acceleration of plane target foils to hypervelocities has been inves-
tigated. The proof-of-principle experiments have been performed at KALIF
using a 20 cm-Bg extraction diode delivering an axial proton beam of 0.2
TW/cm?2 power density on target. Ablation pressure amplitudes of 0.3 Mbar
have been determined, and 1-dimensional foil acceleration at > 101! g up to 13
km/s final velocity has been achieved. Using these ablation flyer foils, impact
experiments have been performed and diagnosed. Dynamic pressure states of 5
Mbar have been generated by impact of Al flyer foils with W targets. The ex-
periments are being continued using the KALIF applied B extraction diode
which delivers 50 kJ-proton beam pulses with 1 TW/cm? power density on
target.- In a third class of beam-target experiments at KALIF, the tensile
strength of solids (Al, Mo single crystals) has been investigated up to the highest
strain rates so far achieved in dynamic matter research.

Introduction; Measurement of the ablation pressure

At the KfK KALIF facility (i.e. the Karlsruhe Light-Ion Facility), proton beam pulses are
generated with an energy content of up to 50 kJ, with <1.7 MeV kinetic energy, and with
pulse lengths of <50 ns. In 1992, axial proton beam pulses have been focussed to a circular
focus spot of r = 0.5cm delivering 1 TW/cm? of peak power on a plane target and deposit-
ing =150 TW/g in target matter of near-solid density.[1) This bulk energy deposition rises
the temperature in the beam-heated deposition zone to about 102 eV and its pressure to =1
Mbar. The hot target matter ablates towards the outside. The transient ablation pressure state
propagates as a 1-dimensional pressure wave into the condensed target matter. The dynamic
response of both the ablated matter and the condensed target matter, the transient ablation
pressure state and its propagation through the condensed target matter are subjects of the ex-
perimental beam-target investigations presentlv performed at KALIF.
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A fundamental problem in beam-matter interaction physics concerns measuring in quantitative
terms of the ablation pressure at the interface to the cold condensed target matter. No detec-
tor exists which would be capable to make a quantitative and time resolved measurement "in
situ”. It has been possible to solve this difficult diagnostics problem by measurement of the
"kinematic variables-of-state” of the ablation pressure wave propagating through the interface
into the cold condensed matter of the target.

For observation of the dynamic target response, and for measuring of kinematic quantities-
of-state, an ORVIS type laser-Doppler-velocity interferometeri2] has been set up at the
KALIF facility. With this KALIF-ORVIS diagnostics system[3), the particle (or mass)
velocity uy(t) at the rear target surface of optically reflecting targets can be recorded with
high accuracy (up to 1 %) and with very good time resolution (up to 200 ps). The associated
thermodynamic variables-of-state - in particular the ablation pressure - can be determined by
means of the Hugoniot equations which provide the necessary thermodynamic-kinematic
relationship.(4] Of particular importance is the Hugoniot equation p = p(up ) which links
the pressure state p of matter to its particle or mass velocity Up.

Although the Hugoniot relations rely on the propagation of discontinuous pressure waves
(shock waves), the Hugoniot equations can be equally applied to the case of ablation pressure
waves with finite wave fronts, pgp)(t), as long as the pressure amplitudes are not excessively
high or the matter is not excessively compressed. This precondition is fulfilled for metal tar-
gets up to the 1 Mbar range. (The compression of matter - starting from the initial density
100% - in that case reaches levels of up to about 140%.)

The searched ablation pressure profile pgp(t) can be determined in principle from a time
resolved measurement of the particle velocity uy(t) in the range of prussuses up to 1 Mbar
and above provided that a target material with known Hugoniot equation is used. However,
such a thin target has to be used in the measurement that the pressure wave pgp(t) does not
noticeably change (steepen) on its propagation path to the rear target surface where the
kinematic measuring quantity up(t) is diagnosed. This means that the non-ablated condensed
target layer should be only a few um thick. However, in such a thin layer of matter the pres-
sure front is reflected several times back and forth during the duration of the ion beam pulse.
(For illustration: The mean sound velocity ug of the ablation pressure front, e.g. in an Al
-target, is about 7 km/s or 7 um/ns, respectively.) The back-and-forth reflected waves super-
impose the original ablation pressure pulse and cause changes in the velocity profile uy(t) of
the target surface.

It has been possible to avoid this fundamental problem by the following trick: The thin abla-
tion target is tamped with a thick layer of matter which has the same Hugoniot equation of
state as the thin target. Such a substance which, in addition, is optically homogeneous and
transparent to the light beam of the laser-Doppler interferometer up to sufficiently high pres-
sure states allows the particle velocity profile in a thin ablation target to be measured without
producing disturbing reflections at the rear target surface. Then the searched ablation pressure
pulse pyp)(t) is obtained directly and unfalsified from the measured up(t) profile.
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Such a material combination free from pressure wave reflection at its interface actually exists
- e.g. with aluminum as the ablation target and an LiF crystal as the window. In ablation ex-
periments performed at KALIF 25 um thick plane Al-targets were used; in these experiments
the non-ablated Al-material layer was only some few um thick. The thin ablation targets were
in mechanical contact with a thick LiF monocrystal (about S mm in thickness). With the tar-
get taylored in this manner and with the KALIF-ORVIS velocity interferometer it was pos-
sible for the first time to determine - quantitatively and time-resolved - the ablation pressure
pabi(t) which is generated by a high intensity ion beam pulse in solid state matter. The
proof-of-principle experiments were performed with proton beam pulses of 0.15 TW/cm?
power density using the Bg-ex*raction diode.[5)

Fig. 1 shows an example of these first quantitative ablation pressure measurements. The ex-
tremely fast rise of the ablation pressure wave pyp(t) is real (and not caused by steepening of
the pressure wave on its path to the rear target surface). The recorded steep pressure front is
rather a result of beam bunching along the 15 cm long flight path to the target. The deposi-
tion of the steep beam front causes the pressure to rise at an extremely fast rate. At 25 GPa
(0.25 Mbar) a pressure drop occurs when the beam-heated target layer expands (i.e., ablates)
or, in the language of shock wave physics, when the first rarefaction wave has passed
through the ablation layer and reaches the condensed target matter. After this "rarefaction
dip" the beam power density . The ablation pressure in the target matter increases again, at-
tains its maximum at 28 GPa (0.28 Mbar) and subsequently decreases - on account of
decreasing beam power and expansion of the ablated matter. Thus, the measured ablation
pressure profile comprises both the temporal profile of the incident power density and the
hydrodynamic reaction of the target matter.

The ablation pressure maximum measured in these experiments, i.e. 0.3 Mbar in Al at 0.15
TW/cm? of incident beam power density, approximately resembles the theoretical prediction.
It has not been possible initially to verify the measured temporal pressure profile by computer
simulation of the experiment [10], the reason probably being that two essential input
parameters have to be known more accurately: the ion beam current density on target (focus
current density) and - a theoretical problem - the equation of state of the hot and dense abla-
tion plasma. On the other hand, the KALIF-ORVIS experiments have verified that the time-
resolved diagnostics of the dynamic target response provides a new and sensitive diagnostics
tool for the ion beam voltage wave form (stopping range) and the focus current density
(power density) with time, - in particular for diagnosing details of the ion beam front and the
rising part of the beam pulsel6). - The ablation pressure wave compresses the condensed tar-
get matter far above its "elastic limit". The condensed target layer becomes a thin fluid layer.
In ablation experiments with thicker targets it was even possible to measure the fluidity
(viscosity) of the target matter. In targets of 0.1 - 0.2 mm thickness the 0.3 Mbar ablation
pressure wave steepened and developed into a perfect shock wave. The time resolution of the
KALIF-ORVIS system proved to be so good that the finite thickness of the steep shock front
could be measured: its duration was 600 ps. Using a theoretical model of elastic-plastic
material behaviorl?), the viscosity of the target fluid was estimated to be 80 Poise. This result
can be illustrated as follows: The Al-target matter compressed by the ablation pressure wave
of several 100 kbar is as "liquid" as glycerol under normal conditions.




-71-

There is ongoing preparatory work to ablation pressure measurements at KALIF with beam
power densities up to 1 TW/cm2 and deposited power densities up to 150 TW/g, respectively
- using the applied B-extraction diode as the axial proton beam source.
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Fig. 1 Ablation pressure profile Fig. 2 Velocity profile of flyer foil

evaluated from KALIF-ORVIS recordings measured with KALIF-ORVIS
Ablative acceleration of matter up to hypervelocities

In the KALIF ablation experiments described above the thin ablation targets were tamped
with a massy layer of window material. No significant acceleration of the entire target can
occur. The target dynamics undergoes dramatic changes when self-supporting thin ablation
targets are used. Fig.2 shows as an example the ablative acceleration of a plane 15 um-thick
Al-foil of about 8 mm diameter which was accelerated by ablation using a proton beam of
0.15 W/cm? power density. (The total thickness of the Al target inclusive of the ablated layer
of matter was 33 um. The resulting acceleration and velocity profile is characterised, on the
one hand, by the ablation pressure pulse p,u(t) acting on the target (see Fig. 1; note the dif-
ferent time scales) and, on the other hand, by the pressure and expansion waves moving back
and forth in the thin target. The extremely fast acceleration at the beginning, within 1 ns, is
caused by the steep front of the ablation pressure pulse. Also the "rarefaction dip" is
reflected in the velocity profile and the subsequent pressure rise up to its maximum after
about 10 ns. Thereafter, the accelerated ablation pressure decreases and a reflection pattern
can be seen in the velocity profile. The limit velocity attained after 70 ns was 12.6 km/s (not
seen in the ORVIS recording interval represented). Achieving such an extreme acceleration of
matter - more than 10!! g (!) - and such a high velocity of matter in a one-dimensional con-
figuration means a record which is of fundamental importance in matter research.
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Hypervelocities of matter above 20 km/s can be anticipated at KALIIF by means of one-
dimensional ablative foil acceleration applying the proton beam of the applied B-extraction
diode with 1 TW/cm? power density and 50 kJ pulse energy as the driver. (The relevant ex-
periments are being prepared.) It is a fundamental question to which extent the thin target
foils remain stable and plane in fluid dynamics terms at the extreme acceleration levels. In
this context also the question of possible beam filamentations arises. In order to answer these
questions it is envisaged to extend the KALIF-ORVIS diagnostic system for observing the tar-
get kinematics simultaneously in several neighbouring measuring points.

Impact experiments with flyer foils accelerated by ablation

The acceleration of matter to extremely high velocities is of paramount importance in
dynamic matter research. If one makes a plate moving at high velocity - in terms of shock
wave physics a flyer plate - hit a target at rest, a much higher dynamic pressure state is gen-
erated in the shocked matter than is achieved directly by ablation or by other dynamic
drivers.

Pressure multiplication under the flyer plate principle is illustrated in Fig.3: If a layer of Al-
matter accelerated to the limit velocity ug hits a W-target at rest, a pressure state p3 is gener-
ated in the zone of impact of the two layers of matter which exceeds by a multiple the abla-
tion pressure level p; at which the Al-flyer plate was previously accelerated. The pressure
state which can be attained by this type of pressure multiplication is limited solely by the
final velocity ug of the flyer plate prior to the impact. If the flyer plate and the target are
made of the same material - as in case of the Al-on-Al impact - the relevant Hugoniot
diagram is mirror symmetric; consequently, the mass velocity after the impact 1s u, = 1/2
ugG; the pressure state of the shocked Al is py. - The duration of the dynamic pressure state
generated in an impact experiment equals twice the travel time of the shock wave through the
impactor. Within this short time span the variables-of-state of matter must be recorded using
suitable short-time diagnostics.
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It has been demonstrated in basic experiments performed at KALIF and diagnosed with
KALIF-ORVIS that maximum pressure states can be generated in matter using extremely thin
flyer foils accelerated by ion beam ablation. To give an example: Aluminum foils of about 30
um thickness (initial thickness 50 xm) and about 8 mm diameter were accelerated to approx.
6.5 km/s using a proton beam pulse of 0.2 TW/cm2 power density; at the end of an accelera-
tion and flight path of 230 um length this foil hit a 30 um thick tungsten target. The
KALIF-ORVIS laser interferometer recorded the surface velocity of the W-target. The
evaluated impact pressure of the target material was 1.68 Mbar. The thinnest Al foils (15 um
after ablation) accelerated by 0.2 TW/cm?2 beam power attained the final velocity ug = 12.6
km/s and hence in impact experiments with W-targets pressure states of almost 5 Mbar have
been generated!

In the target experiments presently prepared using the KALIF applied B-extraction diode it is
envisaged to achieve hypervelocities of plane target foils of 20 km/s. If the target fluid layer
remains stable during its ablative acceleration in terms of fluid dynamics, it should be pos-
sible to attain impact pressure states of 10 Mbar and above. The energy density of the
shocked matter will attain > 10% J/g; the compression of matter attains a multiple of its solid
state density and the thermodynamic state of matter is above its critical state. This range of
states in which matter constitutes a high density "metallic" plasma is only imperfectly under-
stood in theory and has almost been inaccessible in experiments by the methods of research
into matter previously available(8l. In this extreme range the thermodynamic equation-of-the
state (EOS) of matter is mostly unknown. For determining the unknown EOS of a target
material in the multi-Mbar range two kinematic va-iables-of-state have to be measured in the
experiments. In case of optically transparent target matier we succeeded in measuring in one
single experiment both the velocity of the flyer foil prior to impact (ug) and the velocity of
the shocked matter (up). It was possible - actually for the first time in flyer plate experiments
- to measure by interferometry also the velocity of the shock wave (ug). In that experiment
the impact target consisted of plexiglass which had been "shocked” to more than 1 Mbar by
the impacting foil.

Measurement of the Dynamic Tensile Strength of Matter

In the experiments with thin targets described above the wave train of the compressive pres-
sure wave propagating through the target matter is longer than the target thickness. In the
opposite case of thick targets the dynamics changes. If under these conditions the compressive
pressure front reaches the rear free target surface, the rarefaction wave traveling behind the
pressure plateau superimposes within the target the release wave returning from the rear side
of the target. Superposition of the two oppositely moving rarefaction waves generates
dynamic tensile stresses in matter; the related deformation rate (strain rate) of matter is deter-
mined by the height and width of the original compressive pressure wave.

If the tensile stress exceeds the inner tensile strength of the target material, matter gets
"spalled” at the respective point. The tensile strength of matter undergoing dynamic tensile
stresses - as a function of the strain rate - is an important topic in dynamic matter research
and in materials science. According to theoretical considerations the dynamic tensile strength
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of matter gradually increases with increasing deformation rate - starting from its static value -
and, ultimately, reaches the theoretical limit of material strength as defined in atomistic and
solid state physics theories, respectively.

In case of one-dimensional dynamic strain the strain rate is defined as (Ax/xg)/At (dimension:
s-1). Previous measurements of the dynamic tensile strength of condensed matter have been
possible only up to maximum strain rates of 109 s°1. In ablation experiments and in flyer foil
experiments, respectively, carried out with pulsed proton beams at KALIF, spalling of matter
at one-dimensioi4  strain rates up to 108 s-! has been generated and the dynamic tensile
strength of matier has been measured (see paper #PB-43 of this conferencel®]). In the ongo-
ing experiments at KALIF various matenals of interest are being studied: single crystals and
polycrystalline samples of metallic and non-metallic materials like Mo, Nb, sapphire, etc.

Résumé

The beam-target experiments described above originally have been undertaken to measure the
ablation pressure generated by pulsed high-power light-ion beams in solid target matter. In-
vestigation of the dynamic target response has been the diagnostic approach to reach this
goal. In addition, the target response experiments are g.ving diagnostic access to relevant
parameters and properties of the ion beam like beam front profile, stopping range, deposited
power and current density, lateral beam profile, etc.
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Beyond, these proof-of-principle experiments have verified that today's pulsed light-ion
beams with their high pulse energies are a new and powerful tool in dynamic matter
research. By applying advanced diagnostics to the dynamic response of target matter, new
and challenging research problems can be addressed now: the equations-of-state (EOS) and
thermo-radiationial properties of matter in a wide range of temperatures and pressures (T up
0 1 MegaKelvin, p up to 10 Megabars and above), including the critical point of the ele-
ments. This wide range of thermodynamic states is not accessible at present by other
laboratory techniques relying on quantitative measuring methods. In addition, mechanical
properties, phase transformations, and chemical transitions of materials can be studied under
conditions characterised by fastest deformations and shortest loadings. Fig. 4 summarizes the
capability of target response experiments which can be performed with a high-power light-ion
pulse zgenerator as the loading dniver.
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Abstract

Recent results of two stage diode experiment are on Reiden-SHVS reviewed.
Instability of the ion beam current and the stabilization, evidence of charge stripping
and anomalous emittance reduction are discussed. The feasibility of this scheme
for commercial reactor driver is briefly noted.

1. Introduction

An important milestone of the inertial fusion energy research is to achieve the ignition
and high gain, which will be realized by the high power laser such as NOVA or/and GEKKO
or particle beam machine as PBFA in the decade. The next milestone is to develop the reactor
driver with a sufficient efficiency, a low cost, a long life and a high repetition. Then the
ignition driver might not meet the requirements of the driver for commercial reactor.

From this point of view, LD pumped solid state laser and heavy ion beams have been
proposed and discussed their feasibility. Super high voltage source (SHVS) based on the
pulsed power technology shown in Fig. 1 has been also proposed for the candidate of the
reactor driver.[1]

Characteristics of the SHVS are as follows. 1) Voltage of tens MeV per stage can be
generated by adding the inductive voltage of each unit with magnetic insulation. Although the
voltage in each unit will be less than 1MeV. So the conventional pulsed power technology will
be applicable.[2]  2) The waveform of the voltage can be shaped to the bunching of the ion
beam by controlling the voltage waveform of each unit.[2] 3) Heavier ion such as C, Na and




so on can be accelerated to the required energy sufficiently. Especially, using the charge

stripping, the acceleration gradient will be taken very high, which implies the compact and
lower cost of the driver.[3] This will be an essential advantage for the reactor driven comparing
with others.

In this paper, we review the recent results of two stage diode on Reiden SHVS and
discuss the feasibility for the reactor dnver.

2. Study on two stage diode

2.1 Experiments on Reiden-SHVS

Figure 2 shows a schematic diagram of two stage ion diode with charge stripping.[4]
The energetic ions accelerated at the first diode are injected into the second diode through a
charge stripping thin foil. The injected ions are stripped to higher charge state which are
determined by the energy obtained in the first stage and are accelerated in the second diode
efficiently.

The potential distribution in the ion beam injected diode is different from the
conventional diode with a stationary anode plasma ion source. Figure 3 shows the potential
profiles in the ion beam injected diode. Energetic ions are injected from left side. Figure 3(a)
shows a potential profile for simple Child-Langmiur space charge limited current.

The analogy of the electron tube analyses shows the existence of three specific current
densities, J9, Jo0 and Jyo for a gap with a potential deference V5, fixed width dz, and an
injected beam energy ZeV) [5] J;j is the current density when its space charge becomes to
form an electric field which deccelerates the beam in the accelerating gap. (Fig. 3(b)) Jog is the
maximum steady-state current that can be transmitted through the second diode gap. (Fig. 3(c))
Jr0 is the transmittable current density through the second diod~ with the maximum virtual
anode potential. (Fig. 3(d)) These critical currents are calculated by a monopolar steady-state
analyses.

The ion beam of J < Jjo generates the electric field that tends to extract the ion beam
from the injection side of the second stage diode. In this condition, a significant portion of the
accelerated beam will be extracted from this surface. This suggests to operate the diode with J
> Jy0 to avoid accelerating the undesirable ions generated from the anode electrode of second
stage. The ion beam of J > Joginduces the space charge instability[6], which make the virtual
anode potential and its position oscillation. A part of ions is reflected back to the injection side.
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The ions generated from the stripping foil degrade the beam purity. The virtual anode
works also to avoid the undesirable ions accelerated from the stripping foil. We denote this
effect as a virtual anode filter. Then the desirable operation regime is Jj < J <J».

Experiments have been performed on Reiden-SHVS induction adder accelerator.[7)
Figure 4 shows a configuration of the induction adder section of Reiden-SHVS. It consists of
eight induction adder unit. Reiden-SHVS has a capability to provide 4~6MV, 40kA, 100ns
pulse to the single diode or to the two stage diodes. Positive and negative center electrodes are
extended from both side. The typical operation voltages and currents of each diode were 0.5
MYV, 20kA, in the carbon beam experiments and 1MV, 30kA in the proton beam experiments.
The diodes are located at the center of the machine. The ground electrode connects the cathode
of first diode and an anode of second diode. Each diodes are powered by four induction
cavities.

The anode electrode of first stage diode is made of aluminum to exclude the insulation
magnetic field. Two types of ion sources, a carbon flashboard plasma injection source located
behind the anode and a pallafin grooves anode, are used. Paraffin groove anodes are used to
generate the proton beams in the experiments to measure the beam trajectories and divergences.
The outer and inner radius of active anode area 8 cm and 5.7 cm, respectively, The beam cross
section is 100cm2. The diode gap and insulation field are d;=0.9 cm and B=7kG in first
diode. In second diode, d3(B») is from 0.83 cm (9kG) to 3.5 cm (6kG). Diode currents are
measured by B-dot probes. Ion current densities are measured by biased charge collectors
behind the second stage diode. Beam trajectories and divergences are measured by shadow
boxes which have 5 x 3 pinhole arrays and are located just behind the cathode of each diode.

Figure 5 shows measured B-dot signals of the first stage diode and it Fourier spectrum.
Shot #C107 is a reference shot which is operated without applied B-field and shows no
oscillation on the signal. The oscillations on the B-dot signals of the first diode is caused by a
space charge instabilities in the second stage diode through reflected ions from the large
oscillating virtual anode. Data plot on V1/Vc vs. V2/Vc chart shows the shot #C114 and
#C145 are in the unstable region. The oscillation frequency and its dependence on the AK gap
of the second diode are in agreement with the predictions from the electron beam simulation.{6]
By decreasing the AK gap of the second diode, the stable operation is achieved (shot #C119).

Charge stripping diodes are tested using carbon flash-board ion sources. Thomson
parabola traces are shown in Fig. 6. The AK gap of second diode is 3.3cm. Former foil of
approximately 0.lum thickness is used as a stripping foil. Without stripping foil, the
maximum energy of C*+ and C2+ ions are same value of about 1.1 MeV. An increment of
higher ion energy component are observed obviously in the results obtained by the diode with
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stripping foil. The charge state equilibration of ions passing through a stripping foil is
calculated from the charge stripping and the charge recombination cross section. The carbon
ions C* and C2* are stripped (or partially recombined) after acceleration at the first stage diode
(V1 =0.6MV) and subsequently the acceleration energy are multiplied by the charge state itmes
of the voltage of second diode (V2 = 0.5MV). The maximum energy edge of each ion parabola
traces ar: in agreement with the calculation. The lower energy part of ions (<0.5 MeV) in
stripping foil case are less than the case without stripping foil. This indicates a virtual anode
filtering effect.

Beam divergence and trajectories are measured using paraffin filled grooves anode.
Figure 7 shows ion damages in shadow boxes. (a) and (b) are obtained in the same shot. The
spreads of damages in azimuthal direction are caused by the sum of a beam divergence and a
magnetic deflection The parameters in this shot are as follows, the ransmitted ion current
density of 60 A/cm2 with first and second stage diode voltage of 0.6MV and 1.2MV,
respectively. The second diode gap is 10mm in the case of (a), (b), and 35mm in the case of
(c). The instability is induced only in the case (c).

Decreases of the damage size at second stage diode indicates large improvement of beam
divergence by the second acceleration. Figure 8 shows the emittance plot of this shot, when the
radical beam divergences are considered. The improvement of emittance is better than the value
predicted from the conservation of normalized beam emittance as,

& /82 =35> ‘)/zﬂz/}’lﬁ-l =2.2

Emiuance of the first stage diode may be strongly influenced by the nonuniformity of anode ion
source which is implied from the nonuniform damage of paraffin filled grooves anode. Two-
stage diode may have an effect like an emittance filter and a beam smoothing.

In case (c), the ion damages are divided into two parts. Small humps are observed at
upper left side of the damages. Beam trajectory calculations indicate that this ion damages may
be due to reflected ions at large virtual anode in the second stage diode. Even in this unstably
large virtual anode condition, the rest part of ion damages, this is due to the unreflected ions,
are less affected by the virtual anode. This is interesting to use the virtual anode operation in
second stage diode without a beam degradations or deflections.

2.2 Simulations of two stage diode
The simulations of the two stage diode is performed. The code is PIC 1.5D with a
nonlinear circuit model for i.a emission. The results corresponds quite well to the experiments
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as shown in Fig. 9. The oscillation of the ion beam current in the simulation is observed when
the J; < 2J10 which is observed in the experiment as shown in Fig. 5. The simulation code are
now developing to include electron motion and sheath dynamics.

3. Prospects for IFE driver

The energy being required to compress and heat the fuel in general case is estimated by
the sum of heating energy Wy (Joule) = 38.2Mpth(mg)Ti(eV) and the pressure work to
compress the fuel, which is derived from the perfect-degenerate gas equation of state. Here
Mprn is a part of fuel MpT(mg). This part is heated up to T; and its radius is assumed to be 3
times of the radius at which a produced alpha particles stop. The pressure work is Wp(Joule) =
114(k2/3)MpT, where k is the compression ratio. In our estimation pr = 3g/cm2, the
implosion efficiency 5%, np = 20%, M=1.1, f; = 0.1 and n;=45%. Finally we obtain the
relation between k and Ep, which is shown in Fig. 10. Figure 11 presents the pellet gain
versus Ey. Figure 9 suggests us that there will be several implosion modes in IFE. In rather
small size reactor-size pellet, the DT mass is about a few mg and the compression ratio is about
1000. On the othe: hand, in a huge pellet for example the DT mass is about 1000mg and the
compression ratio is about 100, though the input energy is about 100(MJ).

One of the most important problems is to find a way to implode a fuel pellet in a
spherically symmetric manner([8]. In the ion-beam-pellet implosion the ion beams introduce the
nonuniformity of the physical quantities. The nonuniformity leads to the nonuniform
implosion, the Rayleigh-Taylor(R-T) instability [9-12] and degrades the fusion energy output.
In a reactor-size pellet the radiation is also important and can affect the growth of the R-T
instability. In addition, the ion deposition layer is rather thick (usually several hundreds pm,
although it depends on the particle energy and the material) and the peak of the pressure appears
in a rather deep part of the deposition layer. Therefore the density valley is formed in the
energy absorber. This cause the confinement of the radiation and the smoothing of the beam
nonuniformity{13].

In general the beam nonuniformity introduces the source of perturbation including the
nonuniformity of acceleration itself. In a reactor-size pellet the nonuniformity-smoothing effect
of the radiation transportation is investigated by a 2-dimensional numerical simulation. The
following valuable results are obtained by the analysis[13]. 1) The nonuniform acceleration
field in space does not affect the growth rate(y) of the R-T instability. However this
nonuniformity of the acceleration can suppress the growth itself of the R-T instability, when the
phase of R-T instability is different from that of the nonuniformity of the acceleration. 2) The




radiation can reduce the growth rate(y). 3) The numerical simulation implies that the radiation
can smooth out the nonuniformity introduced by the driver ion beam. For example, the initial
nonuniformity of 6% is smoothed down to 0.07% during the implosion phase.

The conceptual diagram of the reactor system is shown in Fig.12. In this system,
power flow can be described as

nDGang = (Pou: + P + Pa)/ P

Where np is the efficiency of energy driver. G, is a targec gain and is a function of the drivers
energy. M is a multiplication factor of produced nuclear power in the reactor. When we use Li
waterfall, M is to be 1.1 ~ 1.3. np is a conversion efficiency. Pout is an output power of the
electricity of the power plant. Preci is a recirculating power to operate the energy driver. Pais
an auxiliary power to run the reactor system. Here, we assume Prec << Pa.

The cost of electricity I' per MWeh in this system can be written as

= { [Ae,,R}j; + B(1,£,MG,R,, )” 3]( JRypT-365- 24)'1

-1
<+ () rep 4 -4

A is drivers system cost per MJHz!/2, gy, is a ion beam energy in MJ. B is a reactor system
cost per (MWe)1/3, C is the cost of a target per MJ1/3 which includes the initial cost of the
target fabricatic:a factory, the fuel cost and the fabrication cost. Here we estimate the cost of the

driver system and the reactor system increase with €L Ryep!/? and (Ng €L M Gy Ryep)!/3,
respectively. Rpep is a repetition rate of the energy driver. f is a fraction of a capital cost in the
electricity cost. Rop is an average operational rate in the plant life ime 1 (year).

Figure 13 shows a relation between I' and €y, for several cases listed in Tab.1. The gain
is estimated by the gain curve(14]. We choose Np= 0.3 t0 0.1. A and C are estimated from
update technology. B is estimated from the cost of nuclear power plant system.

The results show that we need high repetition rate, low cost, high efficient and long li.¢
driver. Cheap target is also strongly required. The cost of the driver is restricted to be less than
2 x 10# yen/J, which can be found out from Fig. 13. The cost of P-SHVS is 3 x 104 yen/I. It
will not be difficult to overcome the cost restriction by this driver, and this is the most important
point in the commercial case. The efficiency of 30% will be also not so difficult to achieve in

L U
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this scheme. Comparing with the other driver, this system is very compact, which will be an
additional advantages of the location of the power plant.

The important issues are beam focusing and transport in the reactor chambers. The
more investigations are required to these in the next step theoretically and experimentally.

4. Summary

Experiments have been performed on the induction adder accelerator "Reiden-SHVS".
The ion beam current oscillation due to the space charge instability is observed and is studied to
stabilize. A charge stripping is demonstrated to obtain higher acceleration gradient. The virtual
anode filtering is observed, which makes the significant improvement of the emission.

Preliminary studies of the requirements of the [FE driver are performed. The SHVS
will be able to meet the cost and efficiency requirement, which are the most important issues for
the commercial reactor.
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INTENSE ION BEAM RESEARCH AT LOS ALAMOS

D. J. Rej, R. R. Bartsch, H. A. Davis, R. J. Faehl, D. C. Gautier, J. B. Greenly*,
I. Henins, T. W. Linton, R. E. Muenchausen, W. J. Waganaar

Los Alamos National Laboratory
Los Alamos, NM 87545, USA

ABSTRACT

Two new interdisciplinary programs are underway at Los Alamos involving the physics and
technology of intense light ion beams. In contrast to high-power ICF applications, the LANL
effort concentrates on the development of relatively low-voltage (50 to 800 kV) and long-
pulsewidth (0.1 to 1 us) beams. The first program involves the 1.2 MV, 300-k]J Anaconda
generator which has been fitted with an extraction ion diode. Long pulsewidth ion beams have
been accelerated, propagated. and extracted for a variety of magnetic field conditions. The
primary application of this beam is the synthesis of novel materials. Initial experiments on the
congruent evaporative deposition of metallic and ceramic thin films are reported. The second
program involves the development of a 120-keV, 50-kA, 1-us proton beam for the magnetic
fusion program as an ion source for an intense diagnostic neutral beam. Ultra-bright, pulsed
neutral beams will be required to successfully measure ion temperatures and thermalized alpha
particle energy distributions in large, dense, ignited tokamaks such as /7ER.

I. Introduction

Over the last two decades, there has been remarkable progress in the understanding and
development of intense light ion beams. While a primary application driving the development
of this technology is ICF energy research,! additional applications such as magnetic fusion
energy (MFE), beam-solid interactions, and materials processing continue to be explored.
Several of the latter applications could be enhanced by the development of relatively long
beam pulsewidths, greater than the 10-100 ns needed for ICF. Indeed, microsecond beams
have been generated for MFE ion ring applications.2-3 In this paper, we report on two new
interdisciplinary programs at Los Alamos involving long-pulsewidth intense light ion beams
generated with applied-B, extraction diodes. This technology is being developed for two

specific applications: materials processing and magnetic fusion diagnostics.

* Permanent Address: Laboratory of Plasma Studies, Comnell University, Ithaca, NY 14853, USA
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I1. Ion Beam Generation

An ion diode has been installed on the Los Alamos Anaconda facility. Anaconda is a 10-
stage Marx generator with a 300-kJ output at 1.2 MV. The diode is connected directly to the
Marx generator through a stacked ring oil-vacuum interface. There are no output switches or
pulse-forming lines, although a plasma opening switch has been constructed for future
experiments to shape the diode voltage pulse. The combined source inductance of the
Marx/interface/diode configuration is approximately 3 puH. A 1.6-Q series resistance is
installed between the Marx output and the vacuum interface to limit the output current after
A-K gap closure. An applied-B, extraction diode is used. This symmetric diode geometry is
desirable for good electron confinement, which can enhance the ion emission and delay gap
closure. Another attractive feature of the extraction diode is that its axisymmetric geometry
can be readily modelled with two-dimensional particle-in-cell (PIC) simulations.4

The diode design is shown in Figure 1. The

dielectric "flashover" anode consists of a Lucite : OUTER CONL
annulus, 194-mm i.d., 292-mm o.d., 6.4-mm /7 INNER cou
thick, mounted concentrically onto an aluminum N
high-voltage electrode. Both solid and perforated ; / _________ "
(with 712 evenly-spaced, 0.8-mm diameter holes) %&
anodes have been used. The cathode consists of J( P ravoLTacE |
two concentric cylinders constructed from Ti-8Al- ¢ ’ DIELECTRIC :
IMo-1V alloy, each 102-mm long and 0.8-mm E 1oN souRee
thick with diameters of 186 mm and 298 mm. For 5
these experiments, the anode-cathode gap spacing , "
is 20 mm. The B, field is produced by two % '
>~ CATHODE PLATE
concentric magnets, R= 77 mm, N=18 tumns Z CATHODE
(inner) and R= 161 mm, N= 7 turns (outer),
positioned midway between the anode and an 2 . . o
SCALE -~ CM

aluminum plate on which the magnets and cathode
electrodes are mounted. The magnets are independ-
ently powered by 10-kV, 500-uF capacitors. The coil current risetimes are 170 us (outer) and
250 us (inner), which are sufficiently long for fields to penetrate the cathode electrodes, but
short enough to prevent significant penetration into the aluminum anode electrode. Initial
experiments have been performed at a reduced Marx voltage of 600 kV. Diagnostics used in
these initial experiments include voltage and total current monitors located at the oil-vacuum
interface, and a radial array of four unbiased, magnetized Faraday cups placed near one

Fig. 1: Ion diode geometry.
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azimuthal location at an axial position 138 mm from the anode.

Typical voltage and current waveforms for a single shot are shown in Figure 2. Initially,
the diode impedance is high, resulting in a voltage riseime of less than 100 ns. Faraday cup
traces are plotted in Figure 3 for the same shot. Ions are detected for approximately 0.6 us
starting 0.2 us after application of the high-voltage. The total ion current I; is inferred from

the product of the anode area and the radially-weighted average of the Faraday cup signals.
As illustrated in Fig. 2, I; reaches a maximum of 33 kA and then falls to zero when A-K gap
closure short-circuits the diode.

The influence of the magnetic field on diode performance has been assessed. The data
plotted in Figures 4 through 6 have been obtained for the case where the vacuum magnetic

flux across the anode surface is nearly constant. This situation is produced with equal currents
in the two magnets. A critical field B, of 0.13 T is required to insulate 400-kV electrons in a

2-cm gap. The corresponding critical magnet current needed to generate B, at the outer edge
of the gap is approximately 2.8 kA. This magnetic insulation threshold is clearly illustrated in

Figure 4, in which the maximum ion current
density j, and integrated ion fluence q= { jdt

measured at radius r= 129 mm are plotted vs 600 T i 120
magnet current. In Figures 4 through 6, the o o %0 Z
data points represent averages of 112 separate < §
shots, while the error bars denote standard £ 200 1 £
deviations. As B, is increased past the 5 = {--- S
threshold, the ion emission remains relatively 0
constant, while the average diode voltage o 1 2
during ion emission steadily rises (Fig. 5). The time (us)
observed j,, of 135 A/cm2 corresponds to an  Fig. 2: Typical diode voltage and current
enhancement of S5 over the Child-Langmuir waveforms.
limit computed for protons in the vacuum A-K _ | P | 9mm
gap. The average diode impedance at this time 1’? 2007 | """ :
varies between 5 and 10 ohms. As illustrated in = |
Fig. 2, ions can account for a majority of the g’ 1007 VL
total current. Insulated diode efficiencies Liffyor = ] SR A
between 0.5 and 0.8 are inferred (Fig. 6). E o o ——
Average radial profiles j(r) and q(r) for about . —t—+ : i
100 shots are plotted in Figure 7a, for three time (u5)

Fi~ 3: Faraday cup signals at four different

magnetic field configurations. Ion emission is cadii
11.
greatest at larger radii where the insulation
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field is relatively low. This result is consistent
with higher Child-Langmuir enhancements due
to the broader electron sheath in this region.
The ion current density on the inside is
observed to increase when one lowers the outer
magnet flux; conversely, emission on the
outside is enhanced by lowering the inner
magnet flux. These result are consistent with
recent experiments at Cornell.’ The use of the
perforated anode did not appreciably change
the output characteristics of the ion beam (Fig.
7b), although the j(r) profile is somewhat more
peaked for the constant current case.

Further experiments are needed to better
characterize the ion beam. Upcoming studies
will concentrate on azimuthal and axial
variations in the power and energy flow,
divergence, composition, energy distribution,
and A-K gap closure phenomenon. Parametric
dependences on gap spacing, diode voltage,
and anode material also need to be assessed.

II. Thin Film Deposition Experiments

Several intriguing materials processing
applications with intense ion beams have
emerged recently. Because of the short range
of ions in matter, applications usually involve
the surface modification of materials, e.g.,
implantation,®  alloy defect
formation,® and thin film deposition.10.11 The
congruent deposition  of
polycrystalline thin films appears especially
well suited for intense ion beams. The basic

mixing,7-8

evaporative

process pioneered by YatsuilO is illustrated in
Figure 8. The beam is propagated into a solid
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target resulting in the evaporation and
ionization of a substantial amount of target
material. For example, an energy fluence of 1
kJ/cm2 deposited over a S um ion range will
heat the target surface about 5x10° K. or
approximately 40 eV per atom. The ablated
plasma is then deposited at record rates onto an
adjacent substrate as a crystalline film. Long
ion pulsewidths are desirable, provided thermal
conduction into the target during the beam
pulse is low. For most materials and sub-MeV
beam energies, microsecond-long pulses are
optimum.

Pulsed ion beam deposition is similar to
that used with high-intensity pulsed lasers.12.13
As with lasers, there are significant
advantages: (1) target material stoichiometry is
preserved (i.e., the evaporation/deposition is
congruent); (2) relatively high-energy (~ 1 eV)
evaporated particles needed for high-quality
films are produced; (3) crucibles and filaments
used in thermal evaporation are unnecessary;
(4) sequencing with multiple targets is pos-
sible; and (5) high deposition rates minimize
contamination problems.
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1.0

o
(3]

@
Y
, >

0.0
-2

0 2 4
magnet current (kA)

Fig. 6: Diode efficiency Ii/Itot inferred from

radially-weighted peak j,(r) data.

(a) .
VS
4 100} j 3 % 1
o -
< 2 :
= 10} i l 1
1 "y -
® o
& 100l a * ]
£ o $
} 4 .y
=~ 10} o
A
1
19770 11 1z 13 14 15
r (cm)

Intense ion beams offer many advantages Fig. 7: Current density profiles for (a) solid and (b)
perforated anodes, and 3 B-field configura-

over lasers. Ion beams penetrate deeper than
laser light, thereby allowing unprecedented
instantaneous evaporation and deposition rates
of 1cm/sec or more.10 Ions penetrate the
surface plasma better than laser light.
Deleterious particulate phenomena ("splash-
ing"), often attributed to preheated surface
electrons, should not exist with ion beams.
Metallic targets, which generally reflect laser
light, readily absorb ion beams, allowing the

tions (o: inner coil I= 6 kA, outer coil I= 6 kA;

o: =6, Ipye=3 kA; A: =3, Iy =€ kA).
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Fig. 8: The ion beam deposition process.
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efficient  production of metallic and | 3.0 snery (M.fsv : X
intermetallic coatings. Ion beam accelerators YB0,CusOrs  Thin Film B2
are efficient, and, consequently, orders of 8 tricuness= 500 A 7
magnitude less-expense (per unit energy) than § il 2:;1: 125 |
commercial lasers. 3 |

Initial deposition experiments have been g ok o | -
performed at relatively low energy fluences of 2 y
10 to 20 J/cm? on target using a small portion  °|° J\ J 7
of the Anaconda ion beam. Approximately 1% . ! l‘ k

550 600

. . :
. . . 500 650 700 750 800
(i.e., 5 cm2) of the beam is sent into a Channet 7

processing chamber containing a target-substrate Fig. 9: RBS profile of a Y-Ba-Cu-O film on Si
assembly. The first experiment involved the produced by intense ion beam deposition.

deposition of copper-oxide ceramic films, which are of interest for high-temperature
superconductor applications. YBa,Cu30,_s films have been deposited onto a variety of room-

temperature crystalline substrates, including Be, Si, and NdGaO3. Rutherford backscattering

(RBS) analyses of the films indicate a deposition rate of 50 nm/pulse, which is orders of
magnitude higher than typical laser deposition rates. RBS analyses also indicate congruent
evaporation with the 1:2:3 target stoichiometry preserved in the thin film to within 10%
(Figure 9). A 50 nm/pulse deposition rate is also observed when depositing bimetallic
compounds such as brass.

In the future, higher-power deposition will be examined. The entire beam will be
focussed onto a 50-cm?2 target area. Significant evaporation and ionization (up to 100
mg/pulse) is anticipated. Despite high deposition rates, target contamination from matter
ejected from the flashover anode poses a serious problem, especially for high-purity films
used in electronic applications. Furthermore, dielectric anodes are incompatible with high-
repetition-rate, long-lifetime diodes needed for bulk deposition applications over large areas.
To address these problems, reproducible and relatively pure ion sources, such as the plasma
anodel4 will be necessary.

IV. Intense Diagnostic Neutral Beam

Over the last decade, diagnostic neutral beam (DNB) spectroscopy has emerged as a
powerful diagnostic technique for tokamak plasmas.!3 Applications include local measurement
of: (1) ion temperatures, plasma rotation, and fully-stripped impurity densities by charge-
exchange recombination spectroscopy (CHERS); (2) density fluctuations; (3) current density
profiles by motional Stark polarimetry. Furthermore, DNB spectroscopy will be needed to
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measure the confined alpha particle densities and energy distributions in upcoming large
burning plasma experiments such as the Imernational Thermonuclear Experimental Reactor
(ITER). Present-day low-current, long-pulse neutral-beam technology, however, will be
insufficient in providing the required intensities in /7ER. Specifically, large-radius, high-
density plasmas pose two basic problems: (1) they prevent beam penetration; and (2) they
reduce the signal-to-noise ratio S/N since the signal intensity rises linear with n while the
background bremsstrahlung increases as n2a. Simulations!¢ for a 1-MW, 100-keV neutral
hydrogen beam in ITER R =5.8 m, a=2.2 m, n = 1.1 X1020[1-(:/a)2]'2 m3, T = 10[1-
(r/a)?] keV, Z = 2) reveal significant beam attenuation, while the anticipated charge-
exchange-recombination emission drops several orders of magnitude below the background
bremsstrahlung lcvel over the first meter from the plasma edge. Improved deposition may be
obtained at higher beam energies; however, high-energy beams lead to unacceptable S/N for
CHERS because of the charge-exchange reaction rates which decrease significantly with beam
energy. To provide adequate signals at energies matched to the charge-exchange reaction
cross sections, relatively low-energy (about 100 keV/amu), high-current-density beams with
short signal integration times are needed.

To address this problem, we are developing an intense diagnostic neutral beam (IDNB)
which could offer significant improvements in beam current density over conventional
technologies. This program is similar to the Livermore IPINS work of the 70's,17 but it takes
advantage of recent advances in intense ion beam physics. The prototype IDNB under
construction consists of a low-inCuctance, 120-kV, 125-kJ capacitor bank configured to power
a 300-cm? area, applied-B, extraction diode. Pure proton and deuteron sources, such as
cryogenicl® and gas-loaded metallic foil anodes,!® or a plasma anode, !4 will be required. The
beam may be focussed ballistically, by conically configuring the diode. Ions are converted
into neutrals in a puff gas charge-exchange cell located downstream.

To produce neutral beams, positive ion 10900 .
sources are useful at low energies only, T o eument
typically E < 100 keV/amu, because of the &~
rapid decrease of the neutral conversion %
efficiency with E. This decrease, however, E
is offset by the E3?2 dependence of the — 10}
enhanced ion current density. An operating '
window is evident, as illustrated by the 1
calculation shown in Fig. 10 for protons in
a l-cm gap with Child-Langmuir enhance-
ment of 100, and a thick H, neutralizer cell. Fig. 10: Calculated IDNB current densities.
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Technical issues to be addressed in upcoming proof-of-principal experiments include: the
beam energy distribution, current density, pulse length, divergence, propagation,
reproducibility, maintenance, and impurity content. An overall assessment of the technology's
suitability for beam spectroscopic measurements on tokamaks will be made.
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The Plasma Physics Division of the Naval Research Laboratory has been performing research
into the propagation of high current electron beams for 20 years. Recent efforts have focused on
the stabilization of the resistive hose instability.  Experiments have utilized the SuperIBEX
e-beam generator (5-MeV, 100-kA, 40-ns pulse) and a 2-m diameter, S-m long propagation
chamber. Full.density air propagation experiments have successfully demonstrated techniques to
control the hose instability allowing stable 5-m transport of 1-2 ¢cm radius, 10-20 kA total
current beams. Analytic theory and particle simulations have been used to both guide and
interpret the experimental rec lts. This paper vill provide background on the program and
summarize the achievements of the NRL propagation program up to this point. Further details
can be found in other papers presented in this conference.

I. INTRODUCTION: The Naval Research Laboratory has been performing experimental and theoretical
research into the propagation of relativistic elecicon beams (REB) in the atmosphere for 2 number of years.
Recently the work has focused on the study of self-pinched propagation of intense electron beams in uniform air
and on developing techniques for conditioning the beam in order to stabilize instabilities. NRL has combined a
number of techniques developed by the propagation community in order to successfully demonstrate beam
propagation in uniform density backgrounds. This paper will provide an overview of the NRL program with
emphasis on the experimental program. Further details will be found in the accompanying papers.l'5

II. PROPAGATION IN THE ATMOSPHERE: Self-pinched propagation of intense relativistic electron
beams in dense gases is subject to a variety of processes which may degrade the F-.m. The beam undergoes a
slow expansion due to collisions with the neutral gas6 which produces energy loss and increases perpendicular
energy. The characteristic propagation scale length for this process (e-fold expansion of the radius) is the
Nordsieck length LN = 6.1(In'y)0-93/P cm where ¥ is the electron relativistic factor, I, is the net current (kA) in
the vicinity of the beam, and P (atms) is the background pressure. The front of the beam is also subject t0 a
continuing erosion process driven by inductive axial electric fields which extract energy from the beam electrons.
This leads to the pulse shortening accompanied by rise time sharpening. The beam will also be degraded if it is
injected into the air with a transverse temperature much different from the equilibrium temperature. A poorly
"matched" beam entering the air will result in additional beam expansion and/or loss of electrons throughout the

pulse. Under most circumstances these processes are secondary to the growth of instabilities.
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A. Resistive Hose Instability:  The most threatening instability for beam propagation in high-density gas is
the resistive hose instability.5 The resistive hose is a macroscopic m = 1 kink mode which causes transverse |
displacements of the beam to grow as the beam propagates in z. It is the result of an interaction between the beam
current and the beam generated background conductivity distribution. To get a physica! understanding of the hose
instability assume that a beam is propagating in a conductive background plasma distribution and that all remum
currents have decayed to zero. (Hose motion does not require the presence of monopole returr currents generated
when the beam first enters the gas.) Now assume that the beam is given an instantaneous lateral kick at a point in
the beam frame (frame moving with the beam) somewhere behind the beam head. The rerturbation is of finite
length in ‘he beam frame (greater than the beam radius and much less than the beam length) and moves the beam
radially out of the initial beam coannel a distance which is small relative to the beam radius. Since the
background plasma is conductive a plasma current will be driven in the original beam channel, trying to preserve
the original magnetic axis of the beam. Likewise plasma currents will be driven in the displaced beam channel,
masking the presence of the displaced beam current. The circulating plasma current forms a dipole field (shaded
region in figure 1) which preserves the original magnetic field ‘istribution. The attractive force between the
plasma current driven in the original beam channel and the displaced beam electrons results in the hose
oscillauons.” If the plasma conductivity were infinite then the magnetic axis of the beam would be frozen in
place and the central force would produce an oscillation of the beam about the magnetic axis. For a resistive
plasma the dipole field will decay away on a dipolc decay time scale, 1d=1tab2/2.pc2 sec where p is the plasma
resistivity. An estimate of the dipole decay time can be made using ‘tdélbdt/ZS sec where I, is the beam current
(kA) giving 14 < 10 ns late in the beam puls‘e.8 The dipole decay time will be short wiien p is large early in the
pulse and will increase later in the pulse. The decay of the dipole field will result in the magnetic axis shifting

toward the beam centroid. This shift introduces a phase lag between the beam and magnetic axis which leads to
growth of the oscillations. The largest hose growth occurs at the betatron frequency which is the natural
oscillation frequency of the beam electrons. This is characterized by the wavelength of the oscillatory electron

Ip
D SR Plasma Dipole

el

Magnetic Axis

Beam Current

Figure 1. A displacement of the beam current leads to the formation of a plasma dipole current distribution.
Resistivity in the plasma leads to decay of the dipole current and growth of the resistive hose instability.
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motion known as the betatron wavelength, Ag = 2nay,(1 A'y/ln)l/z. where I, is the net current (In=lb-lp where Ip is
the plasma current and 1 4=17 kA). A measure of hose stability is the number of betatron wavelengths the beam
can propagate without large hose growth relative to the scattering scale length, L.

The resistive hose is a rapidly growing instability. Under normal experimenta} circumstances it results in a
rapid loss of the entire beam after a few meters of propagation. In several betatron wavelengths the amplitude of
the instability can grow by orders of magnitude. It is triggered at a point in the beam where the dipole decay time
is comparable to the perturbation frequency (higher frequencies phase mix out before the plasma channel can
respond and lower frequencies result in a translation of the beam). At the 20int in the beam frame where the
instability is triggered the amplitude of the local betatron oscillations grow rapidly. The plasma currents, which
are stationary in the lab frame, excite the hose in successive slices of the beam as they move through the perturbed
region. Thus, in the beam frame, the instability appears to be constantly growing and convecting toward the tail.
In general, at a given location in the beam frame the hose amplitude will grow until phase mixing effects smear
out the coherent beam oscillations and convert the motion into beam temperature. At a given location in the lab
frame, one would see increasing amplitude radial motion of the beam as it moved past. In the beam frame, hose
motion at a given location would grow in amplitude until phase mixing smears out the coherent motion and the
beam quiets down again.

The hose instability cannot be eliminated for beams propagating in high pressure neutral gas. There are,

however, several techniques which could minimize its effects. First the convection of the instability from one
location in the beam frame backwards depends on how well one beam slice couples to the next. This coupling is
dependent on the spectrum of betatron frequencies in any given slice. Since peak growth of the instability occurs
near the local betatron frequency, any change in this frequency with position in the beam frame decreases the
coupling. A change in the local betatron frequency can be introduced by continually changing the radius of the
beam from the front to the back in the beam frame. In high pressure gas this corresponds to changing the
emittance of the beam from head to tail. Ideally one would like to start with a fat beam and taper the radius down
to a small radius near peak current to ensure maximum energy density on target. A second knob is the control of
initial perturbations which trigger the instability. These can be extemnally introduced (e.g., beam sweep or BBU
from the accelerator) or can be random noise on the beam. By decreasing the amplitude of the perturbations the
magnitude of the instability can be reduced. Introducing the emittance tailoring to the beam and damping out
initial perturbations are the basis of beam "conditioning" which has recently been the main focus of the NRL
propagation effort.
B. Beam Conditioning Techniques: NRL's approach for reducing hose growth has been to employ post
accelerator beam conditioning techniques.1,2,3 Beam conditioning generally has two primary goals: (1) to
introduce a head-to-tail taper in the beam radius to detune the instability, and (2) to center the beam and damp
transverse perturbations on the beam which seed the instability.

1. Emittance tailoring: Beam tapering in SuperIBEX is accomplished with an ion-focused regime (IFR)
transport cell.9 When an electron beam is injected onto a plasma channel whose density is less than the beam
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density, it will assume an equilibrium based on the beam current and the local space charge density. If the beam
is highly relativistic (y >> 1), the repulsive force from the beam's radial electric field is nearly canceled (to order
l/‘yz) by the self-pinching magnetic field BO . A small amount of background ionization, produced by an external
source such as a laser or directly by beam ionization of the low density background gas, can decrease the space
charge forces, allowing the beam tc pinch. By adjusting the gas pressure to allow for the pulse length and cell
geometry in the beam ionized case, one can introduce a radius taper to the beam profile on the beam time scale.
This radius tailoring can then be converted 1o emittance tailoring with a scattering foil at the end of the IFR cell.
2. Damping of Beam Perturbations: A variety of techniques have been used on SuperIBEX and other
devices to reduce the perturbations which "seed” the hose instabiljty.lrz’3 Inital experiments used a small
diameter, high pressure IFR cell to center the bearn. More recent experiments have focused on the use of an
externally powered, current-carrying wire cell known as a B@ cell. 10 1n this system a fraction of the beam current
is driven down a multi-betatron wavelength long cell with or without a gas fill. The anharmonic potential well
produced by the wire current pulls the beam toward the wire and smears out coherent radial motion due to phase

mixing within the beam.

NI EXPERIMENTAL APPARATUS: See figure 2.

A. Beam Generation: The beam used for these propagation experiments was produced by the SuperIBEX
accelerator. SuperIBEX is a single-shot electron beam device capable of producing a 5-MeV, 40 nsec FWHM
puise with peak currents of up 1o 100 kA. SuperIBEX is designed to give a 10-nsec rise time with essentially zero
prepulse. For these experiments a 0.3 cm radius flat cathode was used with a nominally 3-cm vacuum gap to a 2.5
nm thick Ti anode foil. For these experiments the diode was mismatched to give only 50 kA at the full 5-MV
voltage. In order to improve beam quality the beam was then passed through an emittance selector consisting of a
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Figure 2. Schematic representation of the SuperIBEX propagation apparatus.
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5 cm long, 0.9-1.1 cm radius stainless steel tube with a second foil at its exit. The thickness of this foil could be
adjusted to control beam emittance. Voltage and current were monitored at various locations in the diode region.
B. Conditioning Cells: After exiting the emittance selector the beam entered the first of two conditioning cells.
A 40 cm long, 10 cm diameter IFR cell was used to provide radius tailoring for the beam. IFR pressures ranging
from 3-20 mTorr of Argon were used in the cell. A 40-125 um thick Ti foil ended the IFR cell. Input and output
current monitors were used 10 measure the beam transport in the IFR cell. Downstream of the IFR cell was a 1.2
m long, 20 cm diameter B8 cell with a 125-200 um wire strung along the axis. Pulsed wire current of 2-10 kA, 20
uis duration from a 58 uF bank were driven along the wire. The chamber could be evacuated or run at full density
air pressure. A beam current and position monitor was located at the downstream end of the cell. A 40 pm Ti foil
was used to separate the end of the BO cell from full density air when low pressure was used in the cell. The two
conditioning cells were followed by a 80 cm long, 20 cm diameter full density air transport cell used for optical
diagnostics.

C. Large Diameter Propagation Chamber: Downstream of the optical diagnostic cell was a 2m diameter, Sm
long propagation chamber. Sets of 4 magnetic probes protruded in 0.5 m from the walls at half meter increments
along the chamber. The probes could be summed to give net currents or opposite pairs subtracted to give radial
displacement of the magnetic axis. Since the probes were located S0 cm off axis, they integrate displacements
over 1-2 betatron wavelengths of beam propagation. Open shutter cameras were deployed along the propagation
chamber to record gas light from air propagation experiments.

D. Beam Profile Diagnostics: One of the key issues for beam propagation is the measurement of the beam
condition at different locations.# This requires time dependent measurements of both the beam radial position and
the beam current density profile. Magnetic probes were used extensively to locate the beam or net current axis. A
segmented Faraday cup11 was used to give the beam profiles as a function of time. Framing and streak camera
optical diagnostics were used to give both position and current density profiles. Streak camera images provided ns
resolution of Cerenkov light from a chord of the beam

passing through an FEP Teflon foil. Framing camera 4 L ., 20
. . 3 | z :
images of the same Cerenkov foil provided up to 120 ps 35+ éi:%;‘,’;:.,‘ .g:msm
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Figure 3. Beam radius as measured by the segmented

faraday cup and the GOI framing camera.
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IV. RADIUS TAILORING EXPERIMENTS:  The amount of radius tailoring necessary to minimize hose
growin 1s very dependent on the particular beam parameters. The local spectrum of betatron frequencies, which to
a large degree determines how well a given hose perturbation couples backward in the beam, depends on the local
beam emittance, net current, and beam energy at that particular location in the beam. Beams with simultaneous
ramps on all three parameters may require a different radius tailoring profile than one with constant current and
voltage. In addition the parameters may be changing with propagation due to nose erosion, energy loss, eic.
Analytic theory has identified a scaling law for hose growth as a function of the beam radius taper.12 The scaling
law uses abo:(C)'k where § is the location of the beam slice relative to the beam head and k is a parameter < 1.
Small k values would have flat radius profiles. SARLAC simulations and the analytic model show a factor of 20
larger hose amplitude growth for k = 0.2 vs 0.7. Relatively small changes in k can lead to large changes in the
hose growth. This suggests that the key to radius tailoring is establishing control of the beam radius profile and
then using this control to minimize the hose growth. This must all be done with the understanding that the highest
possible current density for the beam is desirable. A well tailored low current density beam may be stable but not
very useful.

SuperIBEX experiments have focuscd o the use of a beam-generated IFR transport cell to provide radius
tailoring for the beam. There are several "knobs” tha. . - be turned experimentally to control the beam radius
tailoring. These include, assuming a given injected beam voltage and current profile, the injected emittance, IFR
gas pressure, cell wall radius, and cell length. Experiments have been performed varying the first three of these
parameters as well as for a variety of injected beam currents. Details oi these experiments can be found in an
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Figure 4. Beam half-current radius and transported current measured downstream of the IFR cell for 3, 5, and
10 mT IFR pressures.
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accompanying paper.2 In general the radius tailoring generated by the cell used in these experiments was very
sensitive to the gas pressure used in the cell. Figure 4 illustrates this point. Gas pressures of 3, 5, and 10 mTorr of
Argon were used in the cell. At low pressure (3 mTorr) the beam half current radius is limited early on by the 10
cm IFR cell diameter. The beam radius starts to decrease close to peak current but never pinches down to a small
radius beam. The 10 mTorr case shows the radius tailoring to begin much earlier in the pulse and to pinch down
to less than 1 ¢m radius. This represents greater than a factor of 6 increase in current density. In terms of the
radius tailoring parameter this represents a factor of nearly 3 change in k value. The results illustrated in figure 4
agree well with anaiytic predictions by Fernsler!3 and with FRIEZR code simulations of the SuperlBEX beam. 14

Experiments were also performed to test the effect of input emittance on the IFR cell radius tailoring.
Increasing the input foil thickness from 40 to 80 um Ti significantly increased the minimum radius of the beam
and delayed the tailoring. Details of this experiment can be found in an accompanying paper.2 Experiments with
a 20 cm diameter IFR cell revealed the presence of a current halo surrounding the central core4 The 10 cm
diameter cell appeared to scrape off this portion of the current distribution. Although the origin of the core-halo
distribution is not well understood, it is suspected that the distribution is related to foil focusing effects at the input
end of the IFR cell. The halo appears to represent <20% of the current injected into the IFR cell. Further
investigations of this phenomenon are in progress.

The radius tailoring imposed on the beam by the IFR cell is converted to an emittance tailoring with a
scattering foil located at the end of the cell. Ideally one would like to match the beam radius in the IFR cell to
that in the air downstream of the cell. The scattering foil will increase the emittance proportional to the beam
radius when it hits the foil. Larger radius beams will end up with higher emittance. If too little scattering is
provided the beam will come out of the IFR cell too cold. The sudden neutralization of the space charge as it
enters the full density air downstream of the foil will lead to a rapid heating of the beam, destroying the tailoring
profile imposed by the IFR cell. Likewise too thick of a foil will overheat the beam and lead to rapid expansion
of the beam as it propagates in the air. Usually one tries to pick the foil thickness to maintain the beam radius
near peak current. 60 um Ti appears to match the beam radius for the SuperIBEX beam. Fine tuning of the

emittance coi - >tsion process awaits detailed beam measurements.

V. B0 CELL OPERATION: Damping of the various perturbations which lead to hose growth is an important
factor in beam conditioning. The frequency of the most dangerous perturbations changes as a function of position
in the beam frame. Early in the pulse, when 14 is still relatively short (13 << 1 ns) very high frequency
perturbations will couple to the beam. Later in the pulse (14 = 5 ns) lower frequency perturbations will couple. In
both cases the hose growth will appear near the local betatron frequency where the perturbation was first initiated.
The active BO cell has the advantage that it will damp out high frequency perturbations even in the beam head.
Schemes that depend on a feedback between the beam current and the wall (e.g., high pressure IFR cellsz) do not
damp out the head perturbations efficiently.

Experiments were performed using both full density air and vacuum B6 cells with currents ranging from
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2-10kA.! To lowest order both cells appeared to center
the beam. After 1.2 m of transport in the cell the beam
showed very little sweep. The radius tailoring
introduced by the IFR cell, with one exception, also
appeared to be maintained by the cell. 24 kA, 25 ns
FWHM beams injected into the B8 cell were

ransported with 80% efficiency for the vacuum case

and 60% efficiency for the gas filled case. The gas
filled cell showed a pulse shortening down to 20 ns.
The beam radius appeared to increase from 1.5 cm just

downstream of the IFR cell to nearly 2 cm downstream

of the gas B0 cell. This is consistent with radius growth
due 1o scattering off the gas background (1.2 m is nearly t=0 ns t=40 ns

1/3 of a Nordsieck length). The increased loss in the gas Figure 5. Streak photos of Cerenkov light
) i ] produced by the SuperIBEX beam. Upper shows

filled case is hypothesized to be the result of scattering large beam sweep, lower almost no sweep.
beam electrons into the loss cone represented by beam
electrons striking the wire. There is evidence that scattering is important from optical data taken at the output end
of the cell.4 Particularly in the gas filled case there is a hollowing of the current density profile seen. The
decreased transport efficiency for the gas cell may in part be due to this increased scattering effect. There also
appear to be dependencies on the wire diameter and the current driven in the cell.l

Despite losses the centering cell does damp out radial motion of the beam. Figure 5 shows streak
photographs from Cerenkov foils located just downstream of the exit of the BO cell from two SuperIBEX beams.
The upper beam (without BO centering) shows large amplitude motion of the beam while the lower (with B0
centering) shows almost no radial motion. Such large amplitude motion is deadly for triggering hose motion as
the beam propagates. Further experiments are in progress to optimize the BO cell operation. There is evidence
that operating at an intermediate pressure in the cell may decrease the beam loss to the wire while still damping
the beam’s radial motion.

V1. BEAM PROPAGATION IN THE ATMOSPHERE: The ultimate goal of beam conditioning is to
stabilize the beam as it propagates in the atmosphere. From background scattering alone the radius of a
relativistic beam will e-fold in one Nordsieck length. This represents a decrease of a factor >7 in current density,
and therefore energy density, delivered to a target. After propagating one Nordsieck length the beam has lost
most of its energy delivering capability. Likewise the hose instability growth scaie length is represented by the
betatron wavelength of the beam. Without conditioning a beam will either disrupt or increase in diameter in a
small number of betatron wavelengths. This suggests that a figure of merit for measuring the stable propagation
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of a beam could be the distance a beam propagates in units of betatron wavelengths out to a2 maximum of one
Nordsieck length. In reality the betatron wavelength is increasing as the beam increases in radius so one must
correct the figure of merit for scattering. Using initial values for the scale lengths gives a zero-order estimate of
the figure of merit. This leaves undefined what constitutes "stable” propagation. For energy delivery applications
a relevant measure of stability could be hose growth of less than a beam radius.

The SuperIBEX propagation experiments were performed in a 5-m long, 2-m diameter propagation
chamber. At full density air pressure the Nordsieck length for the SuperIBEX beam (5 MeV, 15 kA beam current)
is 4-5 m. The injected beam betatron wavelength for the SuperIBEX beam is 20-30 cm, depending on its radius.
With both the IFR radius tailoring and the B centering cells, stable propagation was observed for the full 5-m
length of the chamber. Figure 6 shows side view pictures for open shutter cameras of the beam as it propagates.
Scanning of the photographs and correction for lens effects showed that the beam diameter expanded slightly
faster than the predicted Nordsieck expansion rate. After 5 m of propagation the beam had expanded out to 8-10
cm diameter rather than the expected 5-6 cm from Nordsieck expansion. The additional expansion could be a
function of the open shutter camera diagnostic which measures background gas light. Plasma return currents in
the beam channel tend to broaden the envelope of the light giving an overestimate of the beam cross section.
High frequency hose motion or possibly phase mixed hose motion from the beam head could also broaden the
beam profile. Magnetic probe measurements of the beam centroid motion along the propagation chamber showed
stable beams with less than 2.5 cm radial motion over the duration of the current pulse.3 Relatively minor
changes in the "tuning" of the conditioning cells could alter the beam propagation from grossly unstable with
disruption by 1-2 m of propagation, to "banana” orbit beams which followed a curved trajectory, to straight beam
propagation. For a given tuning of the conditioning cells the beam propagation was very reproducible. The stable
propagation shots for the full 5 m length of the chamber represent a figure of merit of between 15 and 25 for the
beam. This is as large of a figure of merit as any previous experiments.

l MiG PROE!FS

L n GLASS FIBERi

! | ' N | v o _ ;
140 190 240 310 390 505
CAMERA 1 CAMERA 2 CAMERA 3

Figure 6. Open shutter pictures of the SuperIBEX beam propagating in full density air.
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VIII. SUMMARY: A physical picture of the origins of the resistive hose instability was presented. The
case for both radius tailoring and beam perturbation damping was made and the operation of conditioning cells o
perform these functions outlined. Further information can be found in accompanying papers. Successful
propagation of NRL's § MeV, 10-20 kA SuperIBEX beam using these techniques was reported.
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Abstract

The resistive hose instability of an electron beam was observed to be
convective in recent RADLAC II experiments for higher current shots. The effects
of air scattering for these shots were minimal. These experiments and theory
suggest low-frequency hose motion which does not appear convective may be due to
rapid expansion and subsequent drifting of the beam nose.

Introduction

The recent RADLAC II' experiments studied propagation of a high current
relativistic electron beam (REB) propagating in the atmosphere, and confirmed the
convective nature of the hose instability. The unique combination of high beam
current and extremely small initial perturbation, allowed saturation of the hose
instability to be observed for the first time. Data at higher currents were
needed to study current scaling of the instability. It was important to collect
data at atmospheric pressure to ensure that subtle air chemistry effects such as
avalanche did not distort the experiment.

As a REB propagates through the atmosphere, the gas is ionized, quickly
neutralizing the beam charge with current only partially neutralized. Thus, the
beam undergoes betatron oscillations in the residual magnetic field with a
wavelength Ag. The beam emittance increases with distance due to elastic
cellisions with the atmosphere increasing beam radius exponentially every
Nordsieck 1length, L. Analytic theory and extensive computer simulations
indicate that the primary parameter of interest for a REB hose experiment is the
number of betatron wavelengths occurring within a Ly ()X = Ly/Ag) .’

The RADLAC II accelerator used a magnetically-insulated stalk adder similar
to that of Hermes III.’ This configuration demonstrated beam voltages of 10-12
MV, beam currents of 50-100 k&, and an annular beam of about l-cm radius and 1-2
mm annular width. With no further conditioning, we found that the beam, extracted
through a thin foil for propagation, quickly became unstable to high frequency
hose oscillations. For propagation experiments, we conditioned the beam with a
3-m B, wire cell, which used an externally driven current on a thin axial wire
to center the beam. This reduced the amplitude of initial transverse motion and
produced a modest head to tail radius variation and produced reasocnable
propagation stability. Due to the high current, values for Y ranged from 10-40.

Experimental Configuration

Figure 1 shows the hardware set-up for the experiment. Initially, the l-cm
thin annular beam was not stable in the By cell. Based on IPROP and MAGIC
simulations of the problem, we switched to a solid beam produced by a 1.5 cm
radius bullet cathode in a reduced solenoidal B, field of 0.5 Tesla. The beam
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was heated by a scattering foil to
match the acceptance of the By cell.
Optimum tuning gave a well-damped 2-cm
solid beam inside the By cell which BEAM STOP

expanded to a freely propagating beam o RETURN ARRAY

with equilibrium radius R.,;,=3-4 cm

in the propagation range at Z=1.5 m
where Z is the distance from the B,

cell exit.

The  Rogowski monitors  and Zesm
dielectric foil beam current monitors
allowed time resolved measurements of
net current (Iy) and beam current (I), [:]

respectively. The propagation range

consisted of a conical wire cage array

. . Pigure 1 Schematic drawing of the
which expanded from the 15-cm radius RADLAC propagation experiment.

B¢ cell exit monitor to a 1 m radius
aluminum tank extending from Z= 7-9 m where the beam was dumped. The 9 m length
of the range limited propagation to 10-15 Ag. A time-resolved beam equilibrium
radius measurement was made with an optical streak camera viewing air
fluorescence at Z=1.5 m. Time-resolved beam centroid and radius data were
recorded with 3 optical frame cameras viewing air fluorescence in the entire
region from Z=1-5 m, giving 3 beam slice histories on each shot. Several time-
integrated cameras viewed air fluorescence in the region from Z = 0-9 m.
Geometric reconstruction of the entire beam path was possible by mapping the
images from multiple cameras to the object space. The array of diagnostics
allowed us to characterize both the injected beam parameters I (t), I,(t) and
R(t) (beam half-current radius), and the parameters Ryy,(t) X, (t), and Y, (t)
of the propagating beam on a single shot. This was essential since each machine
shot had different characteristics.
Experimental Results

Many of the high current shots exhibited only a few cm of hose
motion. We attribute this relative hose stability to the combination of
high~-current, modest radius tailoring and very low initial perturbation produced
by the By cell. Some shots, however, had larger initial perturbation and showed
fast hose growth followed by damping. Table I summarizes a number of high quality
shots which have been analyzed in detail. The minimum radius column corresponds
to the minimum measured radius of the three optical cameras (streak, framing, or
time integrated). Theoretical values were calculated assuming a peak beam
energy of 10 MeV. All the listed shots have ¥ > 20 and, therefore hose growth
is not artificially suppressed by air scattering.
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Table I. Peak current data and theory.

Shot beam net Minimum exp. theory theory

current current Radius Ly L, X
(kA) (k&) {cm) {m) (m)

2181 52 28 3.8 25 32 37
2183 34 24 3.7 25 26 29
2193 54 30 3.6 NA 35 44
2200 34 24 4.2 NA 26 26
2203 42 27 3.3 37 30 40
_2?04 37 24 4.0 NA 26 27

Hose growth rates and saturation

amplitudes have been measured for these

shots and compare well with IPROP
simulations. The details of data

Shot 21383 Electrical Data

analysis and comparison to theory are

described in the next section. Shots 2203

and 2204 are the best examples of

saturation at low amplitudes. The

P ‘\‘\k
. f..,,/// .

initial perturbations were very small for

Cunrent (kA)
¢

these shots. Shot 2193 is interesting

because the larger amplitudes could lead

to nonlinear saturation. Figure 2 N Tt Seecvessaceces
displays a typical measurement of I; and I ‘°n;§m)“ 70 80 0 1K
I,. The RADLAC II data with I, of 30 to

50 kA 1is clearly in the high current | % S3b2000. — 93nz000. — IPROP |

regime with significant plasma return

currents as seen in the figure where Iy piqyre 2 Electrical monitors show the

is approximately half of I,. The net net current peaks near the end of the
. . . beam current pulse in agreement with

current displays typical high current IPROP simulations.
behavior in reaching peak near the end of
the beam pulse and then dropping slowly as the plasma currents decay. Figure 3
displays processed streak data showing the beam current and equilibrium radius
from air fluorescence measured at Z = 1.5 m. The two traces are inherently time
tied since the beam current is computed from the same streak image as the radius
and centroid. The beam equilibrium radius varies less than a factor of 2 during
the current rise and is almost constant during the body of the pulse.

Figure 4 displays histories of half-current radius R(Z) and the centroid
Xpar{Z) for a beam slice near peak current for shot 2203. The data is derived
from a single optical frame with 3-ns gate time. This data shows a clear
Nordsieck expansion consistent with calculated Nordsieck range. Three slice

histories derived from shot 2193 are plotted in Figure 5 showing the growth of
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the in time and

space.

hose instability
Each of the 3

obtained from a separate frame image

curves 1is
with time delay of 7.5 ns between
The data at the right of the
figure suggests saturation as the rate

frames.

of growth decreases with time. The
frame cameras only viewed the
propagation range from 2= 1-5 m, so
they could not record saturation
occurring beyond Z = 5 m.

Data on stability over the
entire 9-m propagation range was
obtained from time-integrated
photographs of air fluorescence

The
apparent distances on the photographs

resulting from beam propagation.

are distorted by camera perspective,
but by
correction. We digitized 2 orthogonal

was eliminated geometric

views and generated beam centroid
tracks in 3 space. The results of this
process are shown in Figure 6 where
the total (Xpar“+Ypar ) 112
from the center line is plotted as a
of This
showing shot 2203 is the best example

beam offset

function distance. plot

of saturation where oscillations grow

to maximum amplitude near 2 5 m and
The beam offset from the

centerline is less than 2 cm after 9 m

then damp.

of propagation. This represents an

Radius {cm)

10 d

o

0 0 20 30 & S0 6 ™ & K

(=)

100

Figure 3 Streak data showing the beam

radius and beam current at 2

indicates modest radius tailoring.

1.5 m
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Shot 2203 3rd Frame

t+15ns

A O

Q -+ N G

00

10 200 250 300 350 400 450 SO0

z (em)

f—* radius —— oemnoidj

Pigure 4 Framing data taken at near peak
current for shot 2203 shows the beam
centreoid and radius as a function of Z.

aiming accuracy of 2 mrad which is
comparable to the alignment of the B,
guide wire. Figure 7 also show damping

of high frequency hose by the 2 S m point but also may show growth of lower
frequency modes or aiming error associated with alignment of the By guide wire.
Shot 2204 had a smaller value of ) than 2203 which may have permitted the beam
nose to drift.
Implicationas for Hose Dynamics
The most dangerous instability associated with propagation is the resistive
4 5 6 7 Thls

e 1 7 1

In the beam body with a Bennett® beam and conductivity radial

hose instability is a m=1 mode associated with finite scalar

conductivity, O©.
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profile and negligible plasma return
current, Lz2e® found the instability to

be convective not absolute, with small
displacements growing from head to Shot 2193 Frames

tail. The convective nature of the : ;h
hose instability, due to the -

anharmonic nature of the Bennett

w
82

confining potential, made possible the
9-m propagation of the RADLAC II bear
The situation is complicated by the

dynamics in the beam head where

parameters are changing rapidly (x<1)

in time and space. For low beam energy

and current, the dynamics 1in the | === trame 1 —— trame 2 —=— trame 3 !

electrostatic region of the beam,

where the charge neutralization time

Pigure S Slice histories of the
) propagating beam show growth of the hose
are small, are also important. instability in time and space.

1. (=1/4nc6) > R/c and magnetic effects

A self-pinched REB propagating
in the atmosphere expands due to elastic collisions with background nvclei. For
the high currents produced by the RADLAC II accelerator, inelastic collisions
which tend to shrink the beam radius are also important. These collisions act to
slow down a relativistic electron, removing momentum along the electron
trajectory (the finite angle scattering from these collisions is already included
in the Nordsieck calculation).
Accounting for these effects, the

Nordsieck length becomes

Ly oMol (1) Shot 2203 Cameras 1 and 10
N 1Y 1elner/ 2Y © . ar_nf .

10-—-——=

where Y,. is the rate of change in beam
Y due to inelastic collisions
(ignoring bremsstrahlung emission
roughly .006 1/cm-atm). Ly, (=60v,Y,
where v, is the net current normalized
by 17 kA) is the Nordsieck length due
to elastic collisions only. Eq. (1)

shows that for sufficiently high v, 010 10 20 30 <0 500 60 M0 60 900

the beam radius will actually decrease ztem
with distance (negative L,). For the

RADLAC II parameters(v, = 1-2), the

] . L Pigure 6 Digitized and reconstructed air
inelastic collision term enhances the flyorescence data shows growth and

damping for shot 2203.
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Nordsieck length 20-50%.

Beam expansion can have
stabilizing or destabilizing effects
on the resistive hose instability. A

given hose mode is effectively detuned

by the rapidly changing beam frequency

caused by Nordsieck expansion. From

Eq.(l), X is given approximately by g "13 I" o
3 == =
1.5,0.5 5 1T} =] .
x= 10v; "y (2) - 1}, ==
Rp (1-0.18v,) - -

] i 0.1
where p is the  pressure in 0 100 200 300 40 S0 600 700 600 90

atmospheres. For X>>10, air scattering z{om)

has little impact on the hose dynamics

since the beam Az changes little on

Pigure 7 Shot 2204 shows the saturation
of high-frequency hcse with some low-
For typical RADLAC II shots, the beam frequency growth late in z.

the time scale of an oscillation.

body has a % > 20, however, X varies
from the beam nose to the body with scattering becoming increasingly important
near the beam nose.

In the past several years, we, and others, have noted low-frequency
laboratory-frame oscillations which did not saturate for lower energy beams in
experiment and simulation despite the prediction of convective behavior from
classical hose theory. Initial IPROP® three-dimensiocnal simulations of a RADLAC
II beam with 5-Mev energy in the beam front and a 20-MeV maximum, a 30-kA maximum
current and a minimum 1.5-cm radius, we noted that a very low frequency
oscillation, which did not saturate, dominated the classical high-frequency hose
behavior. These oscillacions originated in the beam nose where the effects of air
scattering were significant () < unity). This behavior suggested that hose can
be re-excited by a coupling to the expanding beam head. Increasing the energy in
the beam nose, as well as higher currents, were seen to produce hose saturation
as predicted in classical theory. Furthermore, simulations of the 100-kA HERMES
II beam with energy ramping up from 0 to 10 MeV in 100 ns and a 7-10 cm minimum
radius showed remarkable stability despite the 200-ns pulse duration. We observed
hose growth as low as a factor of 5 compared with 100-400 fo~ the RADLAC II case.
In the HERMES II case, ) < 0.2 in the beam nose but as high as 20 in the bedy.
The rapid blow off of the head eliminated the coupling to hose seen in the RADLAC
II simulations.

Essentially, if a beam slice near t,, defined as the time at which 1. =
R/c, has 7y near unity, the beam nose will drift due to a rapidly decaying
transverse restoring force. Hence, the entire beam will experience a growing

oscillation with a frequency characteristic of the beam nose. In order to test
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this theory, we must determine yx(t.,). %x(t.,) may be estimated from known beam
parameters by assuming the beam has a linearly rising current, dv/dt, and has a
time dependent radius profile R(t)=(Rt),/t, where (Rt), is the product of radius
and time at t,. Since return current is small for t < t,, v (t,) = v(t,), thus, we
only need determine t,. In the beam head for pressures near 1 atmosphere, the
conductivity production rate is proportional to the current density J,=4v/R? (a

4n factor is included). As a function of t, T.! is then given by

t

t;1=cflJb(c) de, (3)
0
where A = 0.466 for a 10 MeV beam from Bethe’'s electron energy loss formula'®

and assuming all the energy is deposited locally into ionization. Integrating

Eqg.(3) and assuming that t, is determined precisely when t_.(t.,) = R/c (shown to
be a good approximation!!') yields,
2
t=[c (Rt)e]ua (4)
¢ " Adv/dt

which gives v,=((dv/dt)?(Rt)./{(cA))?’. We may now use this expression for v, in
Eq. {2) to determine X (t,). For all these shots, the maximum radius measured with
streak camera at 1.5 m is 5.5-6.2 cm. Using (Rt), = 15 cm-ns gives R(t,) of this
order with t, = 2-2.5 ns. We note, however, the model results are relatively
insensitive to (Rt)., and use this value in the model for all shots. The
experimental data and model results for six RADLAC II shots are given in Table
II. We first note the strong correlation between X(t.,) and the observation of
hose saturation. For Y (t.) < 1, the hose does not appear to saturate. Shots 2193,
2203, and 2204 demonstrate the most classical behavior. We see good agreement
between the observed oscillation wavelengths of these three shots (3-4 m) and
those calculated in the model. For the other three shots, the oscillation
wavelengths were quite long, > 5m, suggesting that the beam nose is indeed

drifting as we predicted.

— -~

| Table 2. Experimental data, simulation and model results. “
= — 1|
Shot R(t,) dv/dt v, (t.) x(t,) Comments
(cm) (ns!) (m)
2181 6.2 0.075 0.18 0.85 3.7 Ambiguous
2183 5.6 0.060 0.16 0.69 4.0 No saturation
2193 5.9 0.102 0.22 1.14 3.3 Saturation
nonlinear?
2200 NA 0.072 0.18 0.82 3.8 Ambiguous
2203 6.0 0.138 0.24 1.30 3.2 Strong
saturation
2204 NA 0.087 0.20 0.98 Saturation
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siml 6.3 0.219 0.37 2.12 3.0 10 MeV min. energy.
Saturation
sim2 7.3 0.219 0.37 1.35 2.4 5 MeV min. energy.
Weak saturation
sim3 8.4 0.088 0.20 0.48 3.7 20 ka peak current.
No saturation

We have seen hose behavior similar to the RADLAC II experiment in IPROP
simulations with various energy and current temporal profiles. IPROP is a three-
dimensional particle-in-cell code which is Fourier analyzed in the azimuthal
direction. The conductivity is calculated with an air chemistry package which
self-consistently models effects such as ionization and recombination with rate
equations. The relativistic electron beam was given a sinusocidal offset
perturbation in the x plane with 45 MHz frequency and a 0.005-cm amplitude at
injection. The current and energy linearly ramped to maximum in 13 ns. The
radius was injected with the temporal profile, R(t)=3.7(l+exp(-t/13 ns)) cm. The
normalized emittance was held constant such that the beam body was injected in
equilibrium. The three simulations, the first with a 10 MeV minimum energy and
50 kA peak current, the second with 5 MeV minimum energy and 50 kA, and the third
with a 5 MeV minimum energy and 20 kA peak current, are summarized in Table II.

As in the experiment, we determine the hose behavior by following
individual slices of beam and calculating offsets as a function of Z. The growth
of perturbation is seen to plateau in the IPROP simulation with little growth
observed beyond 12 ns into the pulse. Beyond 12 ns, the beam remains essentially
frozen at a given offset due to the large ¢ and hence large magnetic decay length
in the beam bedy. Thus, the beam energy deposition in the gas which produces
measurable air florescence essentially marks the maximum beam displacement. For
this reason, the open shutter camera images were quite useful in the experiment
for determining hose saturation.

The most classical hose behavior (y = 2 from the model) was observed in
simulation siml which had the faster rising current and energy. As seen in
Figure 8, the offset of 20-ns beam slice grows until roughly z = 550 cm and damps
at greater Z in rough agreement with shots 2193, 2203 and 2204. The dominant
wavelength for the hose motion is 4 meters, close to that seen in the experiment.
A 90 MHz perturbation was calculated to require a longer distance to saturate.
This behavior suggests that high-frequency perturbations in the RADLAC 1II
experiment were small. The sim2 and sim3 simulations had reduced beam parameters
with ¥ = 1.35 and 0.48, respectively. The hose growth of the sim2 and sim3
simulations is plotted in Figure 9 for the 17-ns slice. 1In sim2, the growth in
the beam offset saturates weakly with some residual low-frequency motion
dominating the high-frequency motion by Z = 7 m. This prevents cbvicus damping
of the offset at late Z. The low current (sim3) simulation showed the least
classical behavior with a > 5 m wavelength oscillation growing for all Z. The




IPROP simulations follow the same
trend as the experiment, confirming
that a sufficiently rapid beam curreanrt
rise and energy are required to
observe classical hose convection.
Conclusions

The RADLAC data demonstrates the
predicted stability of high current
beam propagation through the
atmosphere. On some shéts we observed
saturation of the resistive hose
instability confirming the convective
nature of the instability. It is
significant that the experiments were
performed in a large diameter tank and
at atmospheric pressure. Although the
beam radius was 3-4 cm, the
stabilizing the effects of air
scattering were insignificant since
the high net current gave Y > 20.

beam offset (¢cm)

0 100 200 300 400 500 600 700 800 900 1000
laboratory coordinate, z (cm)

Pigure 8 The offset of the 20-ns beam
slice in siml is plotted as a function
of distance for 45 and 90 MHz
perturbations.
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Figure 9 The offset of the 17-ns slice
for sim2 and sim3 simulations are
plotted versus distance. The results are
for the 4S5-MHz perturbation.
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Abstract
We show experimentally and theoretically that the generation of the 13-TW Hermes IlI electron beam
can be accurately monitored, and that the beam can be accurately directed onto a high-Z target to
produce a wide variety of bremsstrahlung patterns. This control allows the study of radiation effects
induced by gamma rays to be extended into new parameter regimes. Finally, we show that the beam
can be stably transported in low-pressure gas cells.

Introduction
Hermes I11! is an electron accelerator that generates a 19-MeV, 700-kA, 25-ns electron beam for the study

of radiation effects induced by bremsstrahlung that is produced when the beam interacts in a high-Z target. Hermes
111 represents a new generation of accelerator design that combines 1-MV pulsed-power technology with linear-
induction and magnetically-insulated vacuum line (MITL) technology to obtain an electron beam having a fast rise
time and short pulse width at both high kinetic energy (KE) and high current. In this paper, we review the generation,
control, and transport of this beam. This research was motivated by the need to provide radiation fields that can be
varied from uniform exposure over large areas to intense exposure over small areas.

The electron beam is generated and controlled with either an extended planar-anode (EPA) (Fig. 1A),2a
gas-cell (Fig. 1B),3 or acompound-lens diode (Fig. 1C).# The EPA and compound-lens diodes are used as injectors
into short (Fig. 1B)3 and long (Fig. 1C)° gas cells filled with N at pressures suitable for efficient beam transport.
For these diodes and gas cells, we have extensively studied the behavior of the beam when incident on a multi-
element calorimeter> and on bremsstrahlung targets.? These targets, in combination with thermoluminescent
dosimeter (TLD) arrays, Compton diodes Cherenkov photo diodes, and a fast-framing x-ray pinhole camera, are
used to measure the radial and angular dictiiiv:tion, temporal dependence, and total energy of the incident beam.?
Sets of current shunts located in the anode at IA1,1A2, . . ., 1A4, and in the cathode at IC1 measure the current flowing
in the diodes and gas cells. The diode voltage (Fig. 2A) is estimated by combining the current measurements at1A1
and IC1 (Fig. 2B) with parapotential flow theory.6 CR-39 plastic film placed behind various thicknesses of
aluminum measures the range of H- ions accelerated across the radial anode-cathode (AK) gap and enables an
independent bound to be placed on the peak voltage (Vp).7
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Beam behavior, including detector response, is modeled? using the estimated voltage waveform (Fig. 2A)
as input to a set of interlinking computer codes: MAGIC,® [PROP,® IVORY.!0 and CYLTRAN.!! MAGIC.
IVORY, and IPROP are time-dependent, elecwomagnetic particle-in-cell codes. MAGIC has a 2-D field solver and
isusedto simulate the electron beam in the coaxial vacuum AK gap of the diode. IVORY has a 3-D vacuum-transport
field solver with elastic and inelastic scattering options, including ionization subroutines, and is used to simulate the
subsequent beam transport in the gas cells for pressures below 100 mTorr. [PROP has, in addition, a 3-D collisional-
transport field solver, including gas chemistry subroutines, which allows for the self-consistent calculation of a
tensor conductivity for pressures above 1 torr. It is used to simulate the beam transport in the gas cells above this
pressure. CYLTRAN is a 2-D, time-integrated, electron-photon, Monte Carlo transport code from the ITS system,
which is used to simulate the electromagnetic shower and radiation detector responses, once the beam has inieracted
in the target. This numerical modeling gives predictions that are in qualitative agreement with the measurements
and provides insight into the underlying dynamics of the beam generation, control, and transport, which we now

discuss.

Generation

The 20 induction cavities of Hermes III feed power along the length of a tapered MITL that adds the cavity
outputs to generate the total power pulse.! The output of this adder MITL is delivered to the electron-beam diode,2
located inside a shielded test cell, by an extension to the adder MITL. The cathode of the combined MITL is asingle
cantilevered shank that extends for the 16-m length of the system. MAGIC simulations and measurements (Fig. 2B)
show that 75% of the beam electrons in the diode originate from this shank when the diode is matched in impedance
to the MITL. Once the electron sheath forms above the cathode, the sheath flow, together with emission near the
tip of the cathode, leads to a well-defined annular ring of electrons (current loss front), which then moves toward
the diode and target. The notch in the leading edge of the total current pulse measured at IA1 corresponds to this
loss front that sweeps down the MITL before magnetic insulation sets in (Fig. 2B). As the voltage and associated
current ramp up, this annular ring sweeps radially inward at the target, attains a minimum radius near the time of
Vp. and then sweeps radially outward as the voltage ramps down, owing to the time variation of the magnetic
pinching force in the AK gap (Fig. 3).

For axial AK gaps larger than the radial AK gap (as is the case for all diodes discussed here), the diode runs
inaline-dominated impedance mode.2 Under this condition, the simulated impedance is in excellent agreement with
that obtained by dividing the estimated voltage by the measured currentat IA1 (Fig. 2A). This measured impedance
0f29.4 + 0.3Qat Vpcorresponds closely to the 30.6-Qminimum-current impedance of the MITL from parapotential
flow theory, indicating that the diode impedance is matched to the line-limited MITL. For voltages less than the peak
voltage, the lower impedance shown in Fig. 2A is due to an increase in the radial extent of the electron flow in the
radial AK gap. That the estimated voltage atits peak (VPPp) corresponds to the peak diode voltage is confirmed when
VPP, is compared with that obtained from either the measured radiation output or with VPH_ obtained

from the range of H- ions (Fig. 4). The excellent correlation shown in Fig. 4 gives additional credibility

to using parapotential flow theory to extract diode-voltage.
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Control

EPA Diode: The time-averaged radius R and angle 0 of the annular beam generated in the EPA diode (Fig.
1A) are correlated at the target. Adjustment of the AK gap over the range 15 to 100 cm enables the annular beam
toimpact the target over therange R=11 cm and 8 =45° to R = 30 cm and © = 8°, respectively (Fig. 5). The practical
range, however, is limited to AK gaps between about 40 cm and 70 cm. Below 40 cm, the energy deposition on the
surface of the target approaches that which can form an anode plasma, causing the beam to collapse radially and
damage the target. Above 70 cm, the beam begins to be lost to the side anode wall and the intensity at the target
decreases. For this range, a peak dose rate of 6x1012 rad/s over a useful area (area where dose exceeds 50% of the
peak dose) of 700 cm? down to 3.5 x 1012 rad/s over 1800 cm? can be produced at the downstream face of the

bremsstrahlung target.
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Figure 5. R and © versus AK gap for Fig.1A configuration.2
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Gas Cell: By injecting the beam through a thin anode window into a Nj-filled gas cell (Fig.
1B), the R-6 correlation can be changed. Atpressures near 3 torr, rapid avalanche breakdown of the gas limits the
net current (the beam current minus the plasma current) 1o 4 to 7% of the injected current near Vp.3 Owing 10 the
radial distribution of the net-current density, the trajectory of the beam is effectively ballistic at this pressure. Thus,
by varying the length (L) of the gas cell, the beam can be made to impact the target at a desired radius (Fig. 6A), for
a given incident angle (i.e., for a given AK gap). For example, for the geometry shown in Fig. 1B. the radiation is
made to focus at the downstream target face producing a peak dose rate of ~3.5 x 10!3 rad/s over 80 cm? without
tai get destruction, in agreement with predictions (Fig. 7).12 The cone shown as the shaded structure in Fig. 1B helps
stabilize the beamn. when operating 1n this high-intensity configuration. Alternatively, by increasing the gas pressure.,
the net current and associated azimuthal magnetic field are increased, and the beam can be made to focus in a shorter

axial distance (Fig. 6B).
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Figure 6. (A) Measured R versus L at exit and (B) comparison of measured radial electron distribution at injection and at
L = 30 cm when gas pressure equals 3 torr and 250 torr, for Fig. 1B configuration.3
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Compound Lens: In the above example, the radial pinch is used to generate the intense source. In general.
however, the pinch (which restricts the angle of incidence to values greater than about 20°) degrades the uniformity
of the radiation with depth that can be achieved with the EPA diode. Reducing the pinch angle of the beam at the
target for a given radius of impact is the key to improving the radiation uniformity with depth. By introducing the
compound-lens diode, the beamn can be turned through any angle (without current loss to the side anode wall by the
time Vp is reached). Excellent uniformity is achieved when the angle is made normal to the target.4

The operation of this diode is illustrated in Fig. 1C. In the diode, the beam is incident on a thin conical anode
foil followed by a low-pressure gas cell and bremsstrahlung target. N gas at 3 torr provides rapid charge and current
neutralization of the incident beam, as in the above short gas cell. When an external current (Ig) is applied as shown
in Fig. 1C, an azimuthal magnetic field is generated. By adjusting Ig, the beam can be made to impac: :ne target
at the desired angle (Fig. 8). Because the applied magnetic field decreases inversely with the radial distance from
the axis, the curvature of the electron trajectories at smaller radii is greater than at larger radii. Additionally, the angle
of the electrons at the anode increases with radial distance from the axis. By angling the entrance window (anode)
of the gas cell as shown, the electrons at larger radii remain in the magnetic field longer, and the simultaneous effects
of the decrease in field strength and higher injection angles at large radii are partially compensated. Also, the
electrostatic force generated in the diode with the conical anode surface reduces the pinch angle at the anode.
Because of the two-component mechanism for controlling the beam (electrostatic from the orientation of the conical
surface and magnetic from Ig), the diode is called the compound lens. As with the EPA diode, adjustment of the
AK gap permits selection of the desired radial impact position .
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Figure 8. Measured 0 versus I for compound-lens diode of Fig. 1C.
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Transport

As has also been demonstrated with lower-power electron beams, 13 measurements and IPROP simulations
show that a substantial fraction of beam can be transported in long gas cells (Fig. 1C), and that potential resistive
instabilities such as hose, hollowing, and filamentation do not increase the beam emittance to the degree where
prohibitive losses to the side wall occur. Specifically, when using the EPA diode as an injector toa 11-m long cell,
a 70-cm AK gap and 100 torr maximizes the energy transport efficiency at 71 + 2.4% (Fig. 9).5 The optimum at
70 cm is a result of a balance between improving the transport efficiency by minimizing the injection angle into the
cell versus minimizing the losses to the side anode wall of the diode just upstream of the entrance window. The
optimum at 100 torr is a result of a balance between improving the trapping efficiency due to the magnetic pinch
force generated by the residual net current after the beam passes throughits first axial focus in the cell and minimizing
the energy loss due to inelastic collisions and instabilities.

By replacing the EPA diode with the compound lens, we can achieve normal injection angles. Under these
conditions, a pressure of 20 torr maximizes the transport efficiency at 90 £ 8% (Fig. 9). This improved efficiency
is the result of being able to reduce the gas pressure and the associated net current and self-magnetic field necessary
to contain the decreased dispersion of the beam. The reduction results in decreased collisional and inductive losses
and improved beam stability. Under these conditions, an annular beam is often observed at the target (Fig. 10A)
in agreement with that predicted by the MAGIC-IPROP simulations. The annulus is the result of an enhancement
of the plasma return current near the axis, which repels the beamn from that region. This enhancement is due to strong
electron avalanche driven by induced electric fields that peak on axis.

By reducing the pressure further, a second transport window is found between 1 and 100 mTorr (Fig. 9).
MAGIC-IVORY simulations show that this window is due to transport in the ion-focused regime.!4 Here, the beam
remains near the entrance foil until sufficient ionization of the gas has taken place and the plasma electrons have been
expelled, enabling the beam to begin to propagate. Further propagation is allowed tv production of an ion column
dense enough so that the magnetic pinch force dominates the electric repulsion due to beam charge minus ion charge.

In this regime, the radial beam profile at the target (Fig. 10B) is that of a pinched beam, because the target shorts

out the radial electric field.
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Figure 9. Energy transported in 11-m gas cell versus gas pressure and injection diode.




- 126 -

— — 10 y—r g ety ~— 160
H Measured Dose 20 torr * 30 m torr
{ (Shot 2619) L=11m | @
12 gw ‘9:. 8 200 120
o) y w : o le & g [ Simulated p\ &
3 8 3 o Qo .o o. E 3 L=2.5m o 80 5
T o 119 o Measured Dose %)
8 . Mogpqee® 42 80} / (Shot 2924) 2
o 4t o o « a % L=1m 40 °
L 4 / o o ° 12 } ) )
o Simulated p o o L Jgf ) ]
e B0 0 L—asttemee. 0
-32 -16AD L?S 16 32 -32 -16 0 16 32
RADIUS (cm) RADIUS (cm)
(LY ®
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Summary

The modeling and diagnostic tools developed here enable the generation of high-power electron beams to
be accurately monitored. The beam control developed enables peak dose rates to be generated from as
high as 3.5 x 1013 rad/s down to 3.5 x 1012 rad/s over useful areas ranging from 80 cm? up to 1800 cm? at the
downstream target face, respectively, without target destruction. Lastly, this research shows that gas cells provide

a relatively simple and efficient method for focusing or transporting high-power electron beams.
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ABSTRACT. The review of activity on the GOL-3 program is presented. The
first part of the resulits is concerned with the experiments on the uniform plasma
heating by a 100 kJ E-beam. Heating of the bulk plasma electrons up to 1 keV at
10'S em3 density is achieved. The second group of experiments deals with
so-called "two-stage” dense plasma heating. The 10'5- 10'7 em hydrogen
bunches of 0.5-3 m length are produced by gas-puffing. High efficiency of the
conversion of the energy, delivered by E-beam to 10 em™ background plasma
occupying the rest of the device, to the dense plasma bunches, is demonstrated.
Last part of the paper describes activity on the microsecond ribbon E-beam of
4x140 cm? cross section and of 200 kJ energy content on the U-2 generator. The
transportation of such a beam at 2 m distance in a slit vacuum channel and its
shape transformation to a circular one is achieved.

L. INTRODUCTION

The GOL-3 device is designed for the study of dense (10'5-10"7 em™3) plasma heating by high-power
relativistic electron beams of a microsecond duration, and also for subsequent studies on muitimirror
confinement of a dense hot plasma [1].

The plasma that can in principle be obtained in this device after raising the beam energy content up
to design value 0.5 MJ is of interest for the broad spectrum of applications, like controlled fusion, pulsed
neutron sources, X-ray flash lamps, UV lasers etc. Presently the experiments are carried out at the first
stage of the device with the beam energy content up to 100 kJ. First results of these experiments were
presented at BEAMS-90 conference at Novosibirsk [2]. Main progress in the GOL-3 experimental
program since that conference has been made in three directions:

i) more comprehensive experimental analysis of collective interaction of the electron beam with a

uniform plasma of 10" cm3 density with direct measurements of the most important plasma parameters;

ii) realization of the earlier suggested so-called two-stage heating scheme [3] of the much denser
(10'6-10'7 ¢cm™3 ) plasma that allowed to considerably increase plasma energy density;

iii) development of the second beam generator based on the principle of extraction of a ribbon beam
from the foilless diode with its successive transformation to the circular, thus approaching to 0.5 MJ beam
energy content.
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II. GOL-3 DEVICE AND DIAGNOSTICS

The first stage of the GOL-3 facility is described in previous papers [1,2]. Fiz.1 shows the schematic
of the experiments on this device. It consists of an electron beam generator U-3 (see [4]), . plasma
chamber [5] inside a solenoid with 6 T field in the 7-m-long homogeneous section and 12 T in the single
mirrors at the ends [6]. It also comprises a 10 MJ capacity storage for energy supply of the solenoid [7],
and systems of control, monitoring and diagnostics. In the present experiments the electron beam (energy
0.8-0.9 MeV, maximum current density ~1 kA/cm’, diameter 6 cm, duration 3-5 us, total beam energy
content of 20-90 kJ) was injected into a column of hydrogen plasma of 8 cm diameier and 10"4-10'7 ¢m3
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Fig.1. Layout of the GOL-3 experiment.

density in magnetic field of 5.5 T. Plasma density can be either uniform over the device length or strongly
nonuniform in (he two-stage heating experiments.

Diagnostics covered a wide set of techniques for both beam and plasma measurements and studies
on collective plasma-beam interactions and plasma heating. In the experiments described, the earlier
developed diagnostics { e, e.g., [1,2,8-10]) were complemented by two systems of 90° -Thomson
scattering of the ruby laser light. One of them at Z=270 cm was intended to measure the density and
temperature of the heated electron component in the center of plasma column [11], while the second (at
Z=360 cm) was used to measure the radial profile of plasma density.
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III. HEATING OF HOMOGENEOUS PLASMA

This part of our work was directed to more detail study of the heating of 7 m long homogeneous
plasma column by microsecond E-beam. In previous experiments performed at the GOL-3 device [1.2] it
has been shown that the beam can release up to 25% of its energy in plasma under optimal conditions. The
diamagnetic measurements have indicated, that some portion of the energy lost by the beam is transferred
in plasma heating, the energy in the plasma being confined for rather long time even after the beam
injection.

The attention in the performed series of experiments was basically paid to the study of the plasma
electron bulk [12]. The energy distribution of the E-beam-heated electrons which was experimentally
studied at the previous generation facilities INAR, GOL-1 (see, e.g., [13,14]), is complicated. Together
with the bulk Maxwellian electrons there exist suprathermal non- Maxwellian electrons, which may contain
a major part of the energy lost by the beam in the plasma. At large beam durations (up to § ps in GOL-3
experiments) fast electrons may leave the plasma during the beam injection time, and thus carry away a
considerable part of the energy lost by the beam. Nevertheless, the value of the energy left in the plasma by
the beam is of special interest, both in its absolute and relative (as compared to the REB energy) value.

The experiments showed that after the beginning of the beam injection the plasma electron

temperature increased from 1-3 eV up to 0.5-1 keV. The plasma density in these experiments was 10's
-3
cm™,

Fig. 2 shows the typical time evolution of the effective plasma temperature, obtained from the
diamagnetic measurements. The temperature obtained from laser measurements (Z = 270 cm) is shown to
be 0.6+0.2 keV in the heating maximum at (110.2)'1015 cm3 density, and the values of the "laser” and the
"diamagnetic™ temperatures coincide within the measurement accuracy (20%). This allows to suppose,
that at other distances from the entrance foil the measured value of the "diamagnetic” temperature is also
basically determined by the Maxwellian electrons. In this case, in the vicinity of the device entrance the
plasma electron temperature in the heating maximum should be 0.8-1 keV at the given above density.

An information about
suprathermal electrons was obtained

o'ge. keV 100 mainly by X-ray measurements (see
1. ) .
cso f15]). It was determined that the
o.so high-energy "tail” of electron
o.qo distribution have the mean energy of at

O=o least 10 keV and density of these

et 2 electrons is several percent of plasma
:;;é" i%f;;"" one to the end of heating pulse. The
A 5o instantaneous  concentration  of
’00(0 0& suprathermal electrons in the plasma is
Ry 1

much less than total amount of such
electrons generated during the heating

Fig.2. Time evolution of the electron temperature along the  Pulse due to non-classical nature of their
device.
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scattering (see later) and short transit time. It means that hot electrons can receive a major part of the
energy, lost by the beam. Such a situation is favorable for the development of the two-stage scheme of
dense plasma heating (see next part).

Axial distribution of the plasma temperature (Fig.2) remains strongly nonuniform during the beam
duration. The calculations of heat transport in the plasma [16] show that the experimentally observed
pressure distribution cannot be explained by classical heat conductivity. High temperature gradients in the
relatively long-lived sub-keV plasma can be maintained if scattering rate of plasma electrons is sufficiently
higher than classical one. The heat conductivity suppression in the plasma region near the device entrance
should reach a factor of 100-1000 to the beam pulse end (details see in [16]). This anomalous heat
conductivity can be accounted for plasma bulk electron scattering on high-level non-resonant Langmuir
turbulence.

I

After the end of heating pulse the level of
plasma turbulence and additional electron

scattering decreases rapidly. Thus plasma heat

conductivity becomes classical after short time

Te=0.27 keV since the beam end. Fig.3 shows the time
'/\'\_,\\_\__\ evolution of the "diamagnetic" electron
temperature and Thomson scattering one. This

/\\:ﬂ&‘_\—_ data was compared with the plasma temperature
»/ decay calculations based on the classical heat

/\\\“ conductivity. In the vicinity of the plasma central
Te=0. k . . .
€=0.05° %] cross section the temperature time evolution

e=0.6 keV

Plasma temperature, 0.5 keV/div

%Y ime. micresecands ¥ ™ follows the classical dependence:
Fig.3. Electron temperature vs. time T = Tmax/( I+at )2/5,

with a=f(n,Z.f) calculated for the given point of the device. The measured decay rate of the plasma
temperature allows to estimate Zefy, which should be 1.2 - 2 to fit the experimental data.

IV. TWO-STAGE DENSE PLASMA HEATING

Our main goal on the GOL-3 facility is the heating and confinement of a dense (np ~ 10'7 emd)
plasma so the important part of our researches is to study the two-stage scheme of plasma heating. At the
previous conference [2] we have presented the first results of "model” experiments with the use of thin
organic foils placed inside plasma column as a "dense" target. The increase of the local energy deposition
was observed in these experiments.

Here we present new results on the two-stage heating of plasma with the using of the short but dense
(10'5-10'7 cm3) gas clouds in the long but rare enough (10"-10"5 cm3) background plasma column.
Detailed discussion of these experiments can be found in [17,18]. Such dense hydrogen clouds were
produced by the gas-puffing. For these experiments fast gas valves were installed at 12, 45, 270 and 575 cm
distances from the entrance foil (see Fig.1).




The major part of the experiments was performed at a density of background homogeneous plasma
of (3-5'10"* cm™® at which E-beam interacts effectively with plasma. Upon filling the chamber with
hydrogen the magnetic field and then pulse gas valves were switched on. After the formation of preliminary
plasma by linear discharge the electron beam was injected into the chamber. The gas cloud length, its
density and position could be varied.

The measurements by the exit calorimeter and two beam energy analyzers show that the total beam
energy losses are up to 20-259% in these experiments that for different shots corresponds to the absolute
losses of 10-15 kJ.

Under the conditions of an optimum beam-plasma interaction the bulk plasma electrons of -10'%

cm3 density are heated up to the temperature of 1 keV in the region of maximum energy deposition.

The effect of two-stage heating of the gas bunch is illustrated by Fig.4. The initial gas density
distribution is also shown on the Figure. The plasma pressure nT at the point Z=40 cm (near the maximum
of cloud density) becomes 3-4 times higher compared to that of homogeneous plasma. With the cloud
length of ~50 cm the pressure achieves its maximum of nT=2.710"8 evV/cm? at local plasma density of
~210'% em’3,

With the change of the initial cloud length the region of maximum pressure follows the cloud
boundary siding with background "rare” plasma. The plasma pressure inside the cloud is lower but always
it exceeds substantially the pressure obtained with the direct beam-plasma interaction at such cloud

GOL-3 #pl1001 density. A substantial increase of plasma cooling time
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. a inside the cloud is also observed. This is apparently
'E 18 [ \ related to a decrease of electron thermal conductivity to
= J the ends because of the plasma density growth and
14 decreasing of its temperature.
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s b Fig.5 shows the plasma parameters both in the
dense bunch and homogeneous plasma obtained from the
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distribution over the device length for  exceeds 10'> cm™, the energy transfer to the cloud sharply
short cloud; b) plasma pressure over
the plasma column length. Thin lines L. .
mark the case of injection into interaction with the background plasma (see Fig.6).
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When the initial cloud fills in a substantial part of the
chamber the region of effective interaction becomes small.
The heating efficiency falls down and consequently, the
lower fraction of the beam energy is transferred to the cloud
by the hot plasma electrons.

In the experiments with single dense cloud a
substantial part of the energy lost by the beam leaves the
trap during the beam pulse through the output mirror
without dense plasma bunch.

Let us consider shortly dynamics of dense plasma
bunch. The expansion rate of the gas cloud substantially
changes with the start of heating. A complex picture of the
plasma flow and pressure waves generation with the
secondary maxima on the diamagnetic signals is observed
after the beam injection ending (Fig.7).

Analysis of experimental data shows that several
waves are generated in the dense plasma. Two waves
propagate from the region with the peak pressure, one into
the cloud depth (toward increasing density) and other into
the region of background plasma (toward decreasing
density). One more wave moves from the device entrance
into the dense plasma.

The complete two-stage heating scheme was realized
with two dense plasma bunches near the device ends. Fig.8a
shows axial gas density distribution for this case. The beam
deposits its energy in a middle part of plasma column with
510 ¢cm3 density. Than energy delivered by the beam to
the hot plasma electrons is absorbed by the dense plasma
clouds (Fig 8b).

Thus, the feasibility of the two-stage heating of dense
plasma has been experimentally demonstrated in the
experiments with the dense plasma bunches.

V. RIBBON BEAM RESEARCHES

This activity on the U-2 machine is directed to the development of physics and technology of the
generation, transport and conversion of a high-power ribbon beams. Such beams have large energy
content and permit to realize a successive injection into GOL-3 facility at the total energy content up to 0.5
MJ (see [1]). In the previous conference we have reported about the generation of the 150 kJ ribbon beam

[2,19].
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of injection into homogeneous plasma.

Schematic of U-2 experiments may be described in the following way (see [20]). A strongly
elongated cathode made of fibrous graphite material has the length 140 cm and the width 4.5 cm. A slit with
sizes 5 by 140 cm sawn in a graphite plate, is operated as an anode of a magnetically insulated diode. An
electron flow emitted from the cathode, comes through the anode and passes to a slit vacuum channel with
inner sizes 6 by 145 cm. A residual gas pressure in the vacuum channel is about 4'103 Pa. Th> magnetic
field strength in a homogeneous part of the slit transport channel may be varied from 0 to 0.5 T. The total
beam energy in various parts of the device are calculated by integration over the time of a product of the
diode voltage and an appropriate current. In addition, the total energy of the beam at the exit of the channel
is measured by a collector-calorimeter.

In the first series of the experiments the electron beam passed only through the slit vacuum channel
with the length 2 m. When capacitors of the pulse generator accumulates the electric energy 185 kJ, the
energy picked out in the accelerator diode was ~150 kJ and the beam energy at the exit of the channel
measured by the calorimeter was ~120 kJ. As a result the efficiency of the U-2 device at the ribbon beam
generation and transportation was about 60%,.

After the experiments which have shown the high efficiency of the large ribbon beam generation and
transport, we have placed on the U-2 setup a special transforming unit and a beam compression system.
Magnetic coils of the transforming unit provide the necessary transformation of the magnetic flux cross
section. The process of the beam cross section transformation has been checked by the imprints of the
beam on the plastic films placed in various points along the beam trajectory. These imprints have shown
that in the slit channe! with the magnetic field 0.3 T the beam cross section has 3.5x130 cm dimensions,
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after transforming the cross section shape is close to a rectangle with dimensions 13.5 by 23 cm, and then
after the compression it looks like an ellipse with the largest dimension about 9 cm in the magnetic field 4.5
T. The total energy of the compressed beam is about 100 kJ.

Besides the total beam energy, the current density and the angular spread of the beam electrons are
important for plasma heating experiment. Measurements of these parameters have been carried out by a
microhole probe [21], which is placed at the exit of the compression system in a special solenoid providing
the homogeneous magnetic field 0.5 T. These measurements show that at least in the central region of the
beam cross section the angular spread of the beam electrons in the guiding magnetic field 0.5 T is close to
2-3°. We may state that in the magnetic field 5 T the angular spread should be about 7-10°, which is good
enough for the plasma heating experiments. According to the measurements by the microhole probe, the
local beam current density in the magnetic field 0.5 T is about 0.1 kA/ cm?>. After compression this current
density becomes suitable for the plasma heating experiments.

To increase the energy content of the beam, second pulse generator have been added to the operated
one, and as a result of this the total stored energy in both generators was tripled. According to the computer
calculations the electrical connection between the pulse generators shouid allow one to produce the ribbon
beam with the total energy up to 0.5 MJ in the described above diode (see [19]). Nevertheless, to achieve

such large energy content in our experiments

1,kA u,Mu one need to neutralize the space charge of the
beam electrons in the vacuum chamber where
the beam is transforming and compressing. For
this purpose the appropriate (about 1.5'102 Pa)
gas pressure in this chamber is needed. Fig.9
0.5 shows a set of waveforms for the shot with the
beam total energy in the diode of 310 kJ and the
energy of the compressed beam of 230 kJ. With
about 500 kJ energy stored in the capacitors,
65% of this energy were delivered to the beam in
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Fig.9. Ribbon beam parameters. compressed beam
VI. CONCLUSIONS

1. Electron temperature of 1 keV is achieved at GOL-3 device during the heating of 7-m-long 10'3

em3 plasma by a 100 kJ E-beam.

2. Cooling of this plasma after the heating is determined by the classical electron heat conductivity
along the magnetic field to the device ends.

3. Feasibility of the two-stage heating of 10'6-10!7 em3 plasma is experimentally demonstrated in
the experiments with the dense plasma bunches. The three-fold increase in the plasma energy density with
respect to the case of a uniform plasma is obtained.
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4. Microsecond beam with total energy content of 230 kJ is obtained on the U-2 machine. The work
on further increase of this parameter is in progress.

5. Presently the GOL-3 facility is being upgraded by the increasing solenoid length to 14 m and
improving E-beam generator parameters.
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Abstract

For bremsstrahlung diodes optimized for X-ray production below 2 MeV, the area-
weighted mean dose in the near-field is controlled by the atomic number, Z, of the
converter material, and the electrical power, P, into the diode, scaling
approximately as ZP. However, given the constraints of a fixed electrical power
pulse from a generator, one can still vary the end-point voltage of the
bremsstrahlung radiation without significant sacrifice in X-ray dose, or sharpen the
risetime of the X-ray pulse without sacrificing the average dose-rate. In this paper,
we will review the design of a triple series diode on the Double-EAGLE generator
which reduces the end-point voltage of the bremsstrahlung source from 1.5 MV
dow to 0.3 MV. In addition, we will discuss pulse sharpening of the radiation
from a pinched beam diode by optimizing the dimension of the tantalum converter.
Also, we will review some recent work on a linear bremsstrahlung diode which in
principle can form part of a large-area bremsstrahlung source for a multi-module
pulsed power generator.

Triple Series Diode

For bremsstrahlung diodes optimized for X-ray production below 2 MeV, the area-
weighted mean dose in the near-field scales approximately as the power P across the electron beam
diode.l For low end-point voltage operation, the dose then essentially decreases as V2 For
Double-EAGLE, fixing the diode configuration while decreasing the generator voltage to reduce
the voltage in the diode from 1.5 MV to 300 kV will decrease the electrical efficiency, or
equivalently the dose, to 0.04 of that at 1.5 MV diode voltage. A better way is to maintain the
generator voltage but reduce the diode impedance to reduce the diode voltage. Such a method will
mismatch the diode to the generator and will result in a drop to 35% electrical efficiency. Putting
two diodes in series and adjusting the diode impedance will improve the electrical efficiency from
35% 10 65%. Increasing the number of series diodes to three will further increase the electrical
efficiency to 85% while operating the diodes at 300 kV end-point voltage.

The concept of the series diode2 has been demonstrated on Double-EAGLE and at other
facilities since the late 1970's. The triple series diode is an extension of the series diode work. To
optimize the performance of the triple series diode, one can optimize the peak voltage by varying
the diode gap of each diode. The series converters are separated laterally to minimize self-
shielding. As the end-point voltage decreases and the bremsstrahlung radiation softens, the
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converter thickness also needs to be reduced to optimize for X-ray production. As a tri-plate
machine, Double-EAGLE is ideally suited for the ring and series diodes. A layout of the triple
series diode on Double-EAGLE is shown in Figure 1. In terms of actual operation, the two
"floating" rings forming the second and third cathodes are hung in place with retractable pins. The
pins are retracted a few milliseconds prior to the shot to prevent the second and third cathodes from
shorting to ground. Figure 2 shows an X-ray pinhole photograph of the triple series diode. The
pinhole photo shows three rings with equal intensities, indicating balanced impedances and equal
voltage division. Two filters with different thicknesses placed on the X-ray film also show
approximately equal attenuation, thus confirming qualitatively the division of voltage equally
among the three rings. In addition, a differentially-filtered spectral end-point monitor system, as
shown in Figure 3, confirms that the triple series diode has an end-point voltage being equal to
one-third of the applied voltage. Comparing the bremsstrahlung output from the ring diode, the
two-ting series diode and the triple series diode, Table I, one can note that the end-point voltage of
the bremsstrahlung radiation from Double-EAGLE can be reduced to 400 kV while maintaining a
substantial fraction of the dose-area product. We have also demonstrated substantial
bremsstrahlung output at 300 kV end-point voltage with an un-optimized converter. By
optimizing the converter thickness, we can expect further improvement in does at the 300 kV end-
point voltage.

Inner Anode Fead !

Cathode |= §\

Retractable

Outer Anode Pins

Feed

Anode Foil

Debris Shiel

Figure 1. High spectral fidelity triple series diode on Double-EAGLE.
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« Equal intensities
averaged around rings
on the radiograph
indicate balanced
impedances and equal
diode voltage division.

» Filters aid comparison
of ring intensities and
provide qualitative
indication of spectrum.

6.4 mm thick
copper filter
(1of 2)

3.2 mm thick
copper filter (1 0of 2}

Figure 2. The Double-EAGLE triple series diode provides reliable,
symmetric dose distributions.
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Figure 3. A spectral endpoint monitor confirms equal division of applied voltage.
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Table I. The Double-EAGLE Triple Series Diode Maximizes Output

at Low End-Point Voltages

Single Two Ring Triple
Ring Series Series Diode
Endpoint Voltage (MV) 1.2 0.6 0.4 0.3
Area for 2:1 Uniformity (cm?) 1600 2000 1800
Mean Dose (krad(Si)) 12 6 5 3
X-ray FWHM (ns) 43 34 42 38

Pulse Sharpening in the Pinched Beam Diode
Bremsstrahlung radiation is produced when an electron beam impacts the anode/converter.
Bremsstrahlung production depends linearly on the atomic number of the anode/converter material.
Thus, by tailoring the atomic number of the anode/converter as a function of radius in a pinched
beam diode, the rate of bremsstrahlung production will also change with radius. As the E-beam
pinches on axis with high velocities, sweeping from the low Z to high Z regions, a fast risetime
bremsstrahlung pulse can be produced.

The fact that electrons pinches with high radially velocities in a pinched beam diode34.5.6
has been demonstrated in many experiments during the 1970's. Current risetimes of a few
nanoseconds have been observed near the axis. Thus, if we can reduce bremsstrahlung production
at large radii by using a low Z anode, and let the fast risetime E-beam impact on a high Z converter
near the axis, a bremsstrahlung pulse with a few nanosecond risetime can be produced. Figure 4
shows an overlay of three shots on PITHON with three different sizes of tantalum converters,
showing progressively faster risetimes with smaller converter diameters. A 6 ns risetime pulse,
excluding prepulse, has been demonstrated on PITHON with a 7.6 cm diameter converter. The
prepulse is due to electrons impacting on the low Z anode as the beam pinches. Thus, by reducing
the Z of the anode and backing it with X-ray shielding except at the high Z converter area, the
prepulse in the bremsstrahlung pulse can be reduced. As shown in Figure 5, we can reduce the
prepulse from 40 ns to 7 ns by using an aluminum anode instead of a stainless steel anode and by
using 0.5" of lead shielding behind the aluminum anode.
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Linear Diode
Ring diodes are typically used in the pulsed power community to generate a large-area
bremsstrahlung radiation source. For a multi-module generator, this would require a post-hole
convolute with its associated complexities. Alternately, one can also obtain a large-area
bremsstrahlung source with the use of an array of linear diodes, with one iinear diode driven by
one module of the multi-module generator.

A linear diode” has been fielded on PZTHON to study the X-ray dose uniformity of such a
configuration. A photograph of a linear diode on PITHON is shown in Figure 6. The
configuration consists of a blade-on-cone cathode. Push-pull mechanisms allows some variation
of the anode-cathode gap along the tip of the blade. By varying the ratio of the A-K gap berween
the middle and the ends of the linear diode, we were able to obtain 2:1 dose uniformity over 90%
of the length of the diode, as shown in Figure 7. Figure 8 shows the isodose contours of the
radiation for the same shot. Based on the results from PITHON, we can project that operating an
array of such diodes can give substantial doses over larger areas. Such an arrangement can serve
as an alternative to the ring diode for the generation of a large-area, high-uniformity
bremsstrahlung source on a multi-module pulsed power generator.

Figure 6. Photograph of the PITHON linear diode cathode and anode assembly.
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Figure 4. Reducing the tantalum converter diameter delays x-ray production

and reduces the pulse risetime
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Figure 5. Reducing the precursor in the x-ray pulse by x-ray shielding and
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Figure 8. Isodose contours 5 cm from the PITHON linear diode.

Conclusion
To summarize, we have demonstrated the operation of a triple series diode at 300 kV end-

point voltage. A simple modification of the converter of the pinched beam diode resulted in a

substantial reduction in risetime. A high-uniformity linear diode has also been demonstrated at

Physics International, providing the building block for a larger area bremsstrahlung source on a

multi-module pulsed power generator.

O
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Recently developed spectroscopic diagnostic techniques are used to investigate
the plasma behaviour in a Magnetically Insulated Ion Diode, a Plasma Opening
Switch, and a gas-puffed Z-pinch. Measurements with relatively high spectral,
temporal, and gpatiai resolutions are performed. The particle velocity and den-
sity distributions within a few tens of microns from the dielectric-anode surface
are observed using laser spectroscopy. Collective fluctuating electric fields in the
plasma are inferred from anisotropic Stark broadening. Fer the Plasma Opening
Switch experiment, a novel gaseous plasma source was developed which is mounted
inside the high-voltage inner conductor. The properties of this source, together
with spectroscopic observations of the electron density and particle velocities of
the injected plasma, are described. Emission line intensities and spectral profiles
give the electron kinetic energies during the switch operation and the ion velocity
distributions. Secondary plasma ejection from the electrodes is also studied. In the
Z-pinch experiment. spectral emission-line profiles are studied during the implo-
sion phase. Doppler line shifts and widths yield the radial velocity distributions for
various charge states in various regions of the plasma. Effects of plasma ejection
from the cathode are also studied.

I. Introduction

Detailed high-resolution investigations of the plasma behaviour in pulsed-power sys-
tems are important for understanding the operation of these systems. In this report we de-
scribe the use of spectroscopic diagnostic methods to study the plasma behaviour in three
pulsed-power experiments: a planar Magnetically-Insulated-Diode, an annular gas puffed Z-
pinch, and a cylindrical Plasma Opening Switch. In the measurements, spontaneous emis-
sion, laser-induced fluorescence, and resonant laser absorption are used to determine as a
function of time in a single discharge the particle velocity distributions!2, the electric-field

fluctuations in the plasma®, the electron density!3, the particle density distributions®*#,
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and the electron energy-distribution®®. For analyzing the line intensities for these nonequi-
librium plasmas, we use our time-dependent collisional-radiative calculations’. In Sec. II
we summarize the main features of our diagnostic systems and recent results from the MID
experiment are given in Sec. III. In Secs. IV and V, respectively, we describe the experi-
mental systems for the Plasma Opening Switch and Z-pinch configurations, together with

electrical measurements and spectroscopic observations.

II. Diagnostic Systems

Fig. 1 presents the various features of our diagnostic systems used for the various ex-
periments, shown here in reference to the diode experiment. In brief, light is directed from
the plasma onto 1-m or 1.3-m spectrographs. For each spectrograph, a profile of a spectral
line is observed in a single discharge by optically dispersing the spectral line at the out-
put of the spectrograph, projecting its image on a rectangular array of 12 fibre-bundles,
and measuring the light signal transmitted in each fibre by a photomultiplier-tube and a
digital oscilloscope. The temporal resolution in these systems is s 5 ns. Alternatively, the
spectrograph exit window is streaked by a fast U.V. camera to allow for the observation of

spectral profiles of a few lines in a single discharge with a nanosecond temporal resolution.

The spectrographs are equipped with 2400 grooves/mm gratings allowing for a spec-
tral resolution down to 0.05 A. The spatial resolution is determined by the input optics
and it can be varied from tens of microns to a few millimeters.The fused-silica optics, the
photo-multiplier tubes, and the streak camera allow for sensitivity in the range 2000-7000
. Absolute calibration of the systems over the entire spectral range provides the absolute
emission line intensities, thus allowing the absolute atomic level populations in the plasma
to be obtained.

For the diagnostics we also use a high-power pulsed (6 ns) dye laser pumped by a Q-
switched Nd:Yag laser equipped with a unit that extends the wavelength range to 2160-
9000 A. Using this laser system, high-spatial-resolution measurements based on resonant
laser absorption are obtained, as described in Sec. IIL

Time-dependent collisional-radiative models of many atomic systems, such as carbon’,
magnesium®, and silicon® have been constructed in order to interpret the absolute and rel-
ative spectral line intensities. These calculations are especially important for diagnosing
short-lived pulsed-power plasmas whose level populations are far from being in a steady

state.
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Fig. 1. The laser system and the diagnostic arrangement. WEU, D, Cl and M denote a
wave extending unit, a diffuser, a cylindrical lens, and a mirror, respectively. The laser light,
svnchronized with the diode voltage pulse, can be directed into the diode in the z and y direc-
tions. Laser light, induced fluorescence, and spontaneous emission can be collected in various di-
rections by the two spectroscopic systems. The polarizers P are used for the polarization spec-
troscopy. For cylindrical plasmas the line-emission is imaged on a cylindrical fibre array. For ob-
serving the spectral line profile as a function of time in a single discharge either a fibre-bundle-
photomultiplier-tube-digitizer system or a fast streak camera system are used.

III. High-Power Diode Experiment

We report on studies that follow our recent investigations of the anode plasma in the
planar Magnetically Insulated Diode. In these studies the magnetic field penetration into
the anode plasma was observed as a function of time throughout the 100-ns-long voltage
pulse from line Zeeman splitting®. From the fast field penetration a plasma resistivity
higher than the classical one was inferred. This led us to search for collective electric fields
in the plasma that could be associated with the anomalous conductivity. The amplitude,
direction, and frequency range of anisotropic fluctuating collective electric fields in the an-
ode plasma were investigated by the use of polarization spectroscopy of the Stark broad-
ened hydrogen lines®, as was used for longer duration plasmas in a mirror machine?. In our
experiments, the spectral profiles of Hy and Hj were measured for two lines of sight and

for two different polarizations®. The data were analyzed using calculations of the Stark
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broadening for these lines under the combined influence of the collective fields and the
1sotropic particle fields in the plasma. Fluctuating electric fields with an amplitude of ~8
kV/cm dropping to zero at the end of the pulse were inferred?, as shown in Fig. 2. The
fields point rn;ainly perpendicular to the anode surface, denoted here as the z direction.
Using the observed ion velocity distribution a lower bound of ~10% sec™! for the field fre-
quency was obtained. Recently, we suggested!? that the ion flow observed in the plasma!l
in the z direction leads to an instability that can grow during the pulse. The predictions of
this model are consistent with the direction and the size of the observed field amplitudes.
Furthermore, this model suggests that the field amplitude should decrease with the ion

drift velocity. Indeed, the electric field amplitude was found to decrease in time during the

pulse (see Fig. 2), similarly to the ion flow velocity given in Ref. 1.
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Fig. 2. Mean amplitude of the electric field (¢2)1/2 inferred as a function of time. Here,
the plasma density was assumed to be 10!% ¢m~2 and the Doppler broadening was so chosen
to provide an agreement between the calculated widths and the measured ones for each time in-
stant. For the data point at 120 ns the width for the z-polarization was smaller than for the y-
polarization (parallel to the anode and perpendicular to the applied magnetic field B;), which is
inconsistent with the assumption of a one-dimensional field in the z-direction. For this point the

same analysis is used to obtain a field in the y-direction with an amplitude (e%}l/z, as shown in
the Figure.

In a previous study?, we determined the fluxes of particles injected from the anode
surface into the plasma and found that these fluxes are considerably affected by the plasma
properties at the immediate vicinity of the anode surface. Here, we report on the use of
laser absorption and laser-induced fluorescence to directly determine the particle ground-
state densities and the particle velocities within ~30 pm near the surface?. Fig. 3 gives a

sample of our measurements and Fig. 4 shows the inferred ground state and excited-state
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densities. The densities of the Mgll ground and first-excited states and of the Lil ground
state were observed to drop considerably within ~50 pm from the anode surface. The Mgll
Doppler broadened absorption profile showed that a significant fraction of the Mgl veloci-
ties seen in th;a anode plasma! is acquired by the ions within ~30 pm from the anode sur-
face. From these results electric fields ~5 kV/cm in this region near the surface are con-
cluded. This is a complement to our previous data* which suggested that the ion kinetic
energies in the plasma result from the presence of electric fields at the immediate vicinity

of the anode surface.

—
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Fig. 3. (a) Typical spectral profile of the laser light transmitted through the anode plasma
for the light wavelength A=2795.53A corresponding to the Mgll 3P3/2 —)351/2 transition (solid
curve). Also shown is the spectral profile with no plasma in the diode (dashed curve); (b) Sponta-
neous emission of the 3P /2 —33; /2 transition together with the fluorescence resulting from the
same transition induced by the laser saturated excitation. Here, the observation distance from the
anode surface was 0.1 mm.

The observed particle velocity and density distributions are used to obtain estimates
of the rate of particle ionizations near the surface and for the electron density and temper-
ature within a few tens of ym near the anode surface?. The inferred values are compared
to those estimated from the ratio between the ground and the first-excited level densities.
This ratio can also gi\;e information on the material release from the surface into the adja-
cent plasma layer.

It has i een suggested that the ionization of an expanding layer of neutral atoms near

the anode surface makes a major contribution to the initial plasma formation!l. Sev-
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eral theoretical models are currently being used to study the general problem of ion flow
through an ionizing layer and the resulting plasma buildup and screening of the electric
field'2. Our analysis indicates that the rate of electron leakage from the plasma to the an-
ode has a majér effect on the rate of electric field screening. Possible mechanisms for this
electron flow include cross field drifts and losses parallel to the applied magnetic field!2.
For each mechanism there corresponds a range of possible electron flow rates. Therefore,
comparison to time resolved measurements of the electric field in the diode gap will allow

us to estimate the dominant mechanisms of electron flow from the anode plasma.
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Fig. 4. (a) The Mgll ground state density as a function of the distance z from the anode
surface obtained from the laser absorption at 2795.53-A for t=55 ns after the start of the diode
voltage pulse. The spatial resolution near the anode surface is ~30 pm; (b) Similar to (a) for the

density of the Mgll excited state, 3P3 /2 obtained from the laser absorption at 2798-A.

IV. The Plasma Opening Switch Experiment

The POS concept is relevant to various pulsed-power applications. Although consid-
erable progress in the use of plasma switches has been made in the recent years, experi-
mental investigations are still essential for the examination of the various underlying mod-
els. Know' dge of the distribution of the magnetic field, the electron density, the particle
flow, and the electron energy distribution in the switch plasma is of major importance. We
are studing these phenomena in our newly built experiment. We developed a novel gaseous
plasma source that allows for satisfactory control of the plasma species and for seeding the

plasma with various elements as required for the spectroscopic observations. The plasma
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source is based on forming gas discharges in many capillaries drilled in the wall of a hollow
tube. The discharge current, of density of a few kA /cm? in each capillary, produces highly
ionized plasma that flows to the outside of the capillaries. Another feature of our exper-
iment 1s that the plasma source is mounted inside the high-voltage cylindrical inner elec-
trode, injecting the plasma radially outward into the spacing between the two electrodes.

The operation of the plasma source has been optimized and characterized by examin-
ing the effects of the source length, the number of capillaries, the hollow tube dimensions,
and the various gases and pressures. The plasma electron density and temperature were
measured simultaneously by three sets of double floating probes placed in various locations.
In addition, two negatively-biased collimated charge collectors were used to measure the
time dependent plasma 1on density and uniformity along the axial, azimuthal, and radial
dimensions. The plasma axial density distribution shows that the plasma density is uni-
form over ~40 mm ahd dr—ops to zero at each side over ~ 20 mm. The plasma source re-
producibility inferred from electric probes and light intensity signals is £20%. The plasma
electron density and temperature measured in the inter-electrode gap, using various gases
and discharge currents, ranged between 1013-10!* ¢m~3 and 10-20 eV, respectively. The
plasma radial propagation velocity was found to be 1.0-4.0 cm/pus.

The plasma properties were also studied spectroscopically. We used measurements of
Hy and Hg line profiles from which the Doppler and Stark line broadenings were unfolded
self-consistently to yield the electron density and the axial hydrogen kinetic energy. The
electron density at 2 mm from the capillaries was found to be 6 + 2 x 10!'* cm™3, and the
hydrogen kinetic energy 3£1 eV. A

The marx-water-line generator (1.5 kJ, 300 kV, 1 Q) can charge the inner electrode
positively or negatively. In the positive mode it delivers a 90-ns-long current pulse with
a peak value of 160 kA. Discharges were made for Ar, CO2 and CH4 as source gases. In
these experiments, line intensities of various charge states were observed axially for four
radial locations. The time-dependent electron kinetic energies during the switch oper-
ation are studied by observing line-emission from various excited levels and from vari-
ous charge states between 1 to 5. Fig. 5 shows an example of line intensities for CII and

CV observed in the axial direction. The lines become ~100x more intense when the cur-
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rent flows through the plasma. The excitation of the CV upper level of this line (2271

4) requires electron energies >300 eV, while for that of the CII level energies of ~10eV
would be sufficient. The high electron kinetic energies can be associated either with the
flow of the switch current through the plasma or, if the magnetic field does not pene-
trate the plasma, with the flow of the return current. The charge-flow density can be es-
timated from the switch current and the area of the fast-electron region found to be >~ 2
cm long. Using ve corresponding to 300 eV gives an estimate for the fast-electron density

ne = J/eve ~ 3 x 1013¢cm =3, which is comparable to the plasma electron density.
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Fig. 5. Time depcudin® atzolute popnlations of the CII 2p3 2D5/2 level and the CV 2p3P2

level at 5 mm from the anode obtained from the intensities of the 2512-A and the 2279-A lines,
respectively. t=0 is the start time of the upstream current.

Using other various spatially resolved time-dependent line intensities we are presently
studying the current channel distribution in the plasma, hoping to compare it in the future
to that obtained from the B-field measurements based on Zeeman-splitting observations.

The ion velocity distributions in the axial and radial directions were studied from
Doppler broadenings and shifts. Fig. 6 shows the drift velocities of CII and CV. The veloc-

ities are seen to rise and to drop in some correlation with the current through the plasma.
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Fig. 6. Time dependent axial velocities of CII and CV at 5 mm from the anode obtained
from the Doppler shifts of the 2512-A and the 2271-A lines, respectively. t=0 is the start time of
the upstream current.

Similar observations were made for CIII, CIV, OII-OIV ions, and ArlII-ArlIV ions.
The drift velocities in the axial direction were found to be higher for higher charge states.
The CV axial velocity approaches the estimated Alfven velocity while for the other ions
the velocities are much lower. Presently, we are considering an explanation to the near pro-
portionality of the ion drift velocities to the charge state by assuming eleciric fields in the
plasma that accelerate the various charge-state ions over similar periods of time. The mag-
nitude of the ion drift velocities and their dependence on the charge state are also being
presently used to study the magnetic field distribution in the plasma.

Doppler broadenings gave the width of the ion velocity distributions. This component,
denoted here by the ion kinetic energy, is shown in Fig. 7 for CII and CV. For each ion
species the kinetic energy was found to be comparable to the drift energy, and to be higher
for higher charge states.

Besides the investigation of the plasma during the switch operation we also studied the
plasma that forms at the electrodes and reach the middle of the A-K gap at ¢ > 500 ns.

Knowledge of the density, composition, and velocity of the plasma ejected from the elec-
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Fig. 7. Time dependent mean kinetic energies of CII and CV at 5 mm from anode obtained

from the Doppler broadenings of the 2512-A and 2271-A lines, respectively. t=0 is the start time
of the upstream current.

trodes is important for the development of long time Plasma Opening Switches. The main
component of this secondary plasma was found to be carbon and hydrogen ions, which
could be reliably studied in our system since it could be discriminated against ions origi-
nating from the plasma source by using a no-carbon-component gas at the plasma source.
The secondary plasma was found to originate from both the anode and the cathode sur-
faces. At t ~ 1lus, the electrode plasma was found to dominate the gaseous-source plasma.
Based on the time delay of the secondary light signals for various distances from the elec-
trodes, a flow velocity of ~1 cm/pus for the plasma injected from both the anode and the
cathode surfaces is inferred. Further details are given in Ref. 13.

_ V. THE Z-PINCH EXPERIMENT
The Z-pinch plasma has many important applications such as in controlled fusion!®)
and for sources of intense X-ray and VUV radiation used in material testing, lithography,
and microscopy studies!®). The dynamics of plasma pinches are very complicated involving
processes such as ionization, plasma acceleration, heating, and magnetic field penetration.

The main goal of this work is to study the implosion phase of the pinch which is impor-
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tant for understanding the dynamics of the pinching and its influence on the final state of
the plasma and is also believed to contribute in general to the understanding of the flow of
lonizing plasmas under strong magnetic fields.

A gas-puff Z-pinch experiment has been constructed which produces a 400 kA, 1 ps
current pulse!®). Gas, with pressure up to 6 atm is released into an annular nozzle, pro-
ducing a well collimated gas shell extending between the anode and cathode. Voltage up
to 35 kV is then switched across the electrodes initiating the breakdown. The pinch occurs
approximately 600 ns after the beginning of the curent rise.

Line emission from the z-pinch plasma is observed for many transitions in singly, dou-
bly, and triply charged ions throughout the UV-visible wavelength region during most
of the discharge!¥). Using CO2 as the injected gas, line emissions from oxygen and car-
bon ions are observed in the radial direction with spatial resolution of 300 um. The time-
dependent radial velocity distribution of these ions are determined from their Doppler split
line profiles resulting from-the opposite shift in the far and near sides of plasma shell. The
distribution of the radial velocity is obtained from the line widths. Measurements were
performed at different z locations. The radial velocities thus obtained are given in Fig.8,
showing that the radial velocity of OIII increases in time and reaches approximately 5x106
cm/s near the pinch time. Fig. 8 also demonstrates a velocity dependence on 2. This “zip-
pering” phenomenon may be due to non-uniformities in the injected gas profile, and is be-
ing investigated further.

CIV ions were observed to have similar radial velecities during the implosion. However,
line emission from singly charged oxygen and carbon ions during the same period have sig-
nificantly smaller radial velocities. OIII ions are found to have velocities larger than singly
charged ions but approximately 50% less than those of CIV and OIV. We are presently
developing theoretical models, based on time dependent ionizations of the various ions as
they are accelerated radially by the radial electric fields, to better understand the ratios be-
tween the radial velocities of the various ions. Presently, we are also measuring the ionic
velocity distribution in the axial direcitun. These measurements will also give the radial
density distributions, and together with the planned magnetic field measurements will en-
able us to gain better understanding of the current distribution and the particle flow.

We also studied the plasma ejected from the cathode by observing the line intensities
and velocities of carbon ions originating at the cathode in experiments in which argon gas
was used. The flow of the electrode particles away from the cathode was studied. Their ra-

dial velocities were found to be relatively low. Their effect on the pinching plasma is being
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Fig. 8. Time evolution of the radial velocity of OIII from Doppler measurements of the OIII
3047-A (2p3s3 Py — 2p3p3 Py) line at z=1.5 mm, 6 mm, and 12 mm from the cathode. The ve-
locity of ions at t=200-400 ns is slower near the cathode but increases to comparable values near
t=500 ns. t=0 is the start time of the current.

studied. Furiher details of these results are given in Ref. 17.

VI. SUMMARY

Spectroscopic diagnostic methods are being used to investigate the plasma behavior
in an intense Ion Diode, a Plasma Opening Switch, and a Z-pinch. In the diode experi-
ment, the magnetic field, turbulent electric fields in the plasma, and the particle density
and velocity distributions at the immediate vicinity of the anode surface were observed
using emission-line Zeeman splitting, polarization spectroscopy of Stark broadened lines,
and Doppler effects in laser spectroscopy, respectively. In the Plasma Opening Switch ex-
periment, a gaseous plasma source was developed and characterized. The time dependent
line intensities and velocity distributions of various charge-state ions and the electron en-
ergy during the switch operation are studied. In the Z-pinch experiment, Doppler profiles
yielded the particle velocity distributions of the imploding plasma shell. Differences in the

velocity distributions between various charge-states ions are being investigated.
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Abstract

Z-pinch implosions have been studied on the Double-EAGLE generator to
optimize x-ray yields, to understand basic Z-pinch phenomena, to compare
experiments to numerical calculations, and to demonstrate the sodium-neon x-ray
laser scheme.

Introduction

Z-pinches have been studied for many years because of their ability to produce high
temperature (Te >100 eV), high density (> 10!8cm-3) plasmas. Recently, Pereira! and Davis
reviewed a significant fraction of Z-pinch research, especially relating to the Z-pinches as an
x-ray source. In fact, the x-ray emission characteristics of Z-pinches have been the main reason
for their study at Physics International (PI) over the past fifteen years. Much of the pioneering
work performed at PI has been covered in Reference 1; and furthermore, Z-pinch research at PI
up to 1989 was reviewed by Krishnan et al.2 In this paper, we will discuss the experimental and
collaborative theoretical work that has been performed at PI since 1989.

In recent years, Z-pinch experiments at PI have been motivated by three main goals:
(1) to increase the x-ray yields from the 4-MA Double-EAGLE generator, (2) to demonstrate the
sodium-neon photo-pumped x-ray laser scheme and (3) to understand the basic physical
processes that determine the radiation efficiency of a Z-pinch.

Increasing the X-ray Yields from the Double-EAGLE Generator

Double-EAGLE3 is a two-module, triplate waterline pulsed power generator which
produces a 3.5 to 4.0 MA current pulse with a 110-ns time to peak current. When a Z-pinch load
(either wire ar-ay or gas puff) is imploded with this current pulse, kilovolt x-ray yields of tens of
kilojoules are produced for 1 to 2 keV photon energies and up to 5 kJ of 3 keV photons.
Although these x-ray yields are acceptable to study x-ray material interactions, it is worthwhile
to increase the yields further. The first technique that was applied to increase the kilovolt yield
was radius scaling. This concept was first developed by workers at NRL4 and Maxwell

Laboratories,> who found that by decreasing the initial diameter of either neon gas puffs or

*Present address: Sandia National Laboratory
YPresent address: Science Research Laboratory
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aluminum wire arrays, while maintaining the same implosion time, the k-shell x-ray yield
increased. Neither of these experiments, however, decreased the initial diameter enough to
observe the actual optimum diameter,; i.c., the yields were not seen to decrease below a certain
diameter.

We performed an initial radius scan for nickel wire arrays and aluminum wire arrays, as
shown in Figure 1. Wire array diameters of 6 through 25 mm were tested with 12 wires per
array, and the arrays were 2 cm in length. The details of these experiments are described in
detail in References 6 and 7. In the case of the nickel wire array, previous experiments at PI had
usually employed 9-mm diameter loads, which produce some 10 to 15 kJ of nickel L-shell
radiation. By performing the scan in initial diameter, we found that 15-mm diameter arrays
produced the optimum radiated kilovolt yield. A similar initial diameter scan of aluminum wire
arrays showed a similar trend. Our spectroscopic analysis (which will be discussed in Section 4)
indicated that aluminum implosions with diameters less than 12.5 mm did not produce plasmas
that had a high enough electron temperature to permit the bulk plasma to be ionized into the

K-shell.? Diameters larger than the optimum produce plasmas with sufficient temperature;
however, their densities were lower since less mass was imploded hence the radiated yield
decreased. A similar explanation® was proposed for the nickel results, but with an L-shell
radiator the analysis is not so straightforward.

0- Ni L-shell
o - Al K-shell

. 1 ) %
DIAMETER, s

Figure 1. The x-ray yields for nickel L-shell and aluminum K-shell x-rays, as functions of
the initial load diameter.

Another interesting challenge was to increase the radiated K-shell yield from argon gas
puff implosions. Typically 5 to 7 kJ of argon K-shell x-rays were produced by Double-EAGLE
when a 2.5-cm diameter, straight nozzle3 as shown in Figure 2(a) was used. Time-resolved
x-ray?-10 pinhole photography indicated that a strong zipper was occurring and the plasma
uniformity was not good. These measurements will be discussed in greater detail in Section 4.
Our experience with tilted nozzles for neon-like krypton x-ray laser experiments suggested that
the inwardly tilted nozzles produced a tight (~ 5 mm diameter), uniform pinch. Based on these
observations, we tested a 4-cm diameter, ten-degree inwardly tilted nozzle, as shown in
Figure 2(b). The measured x-ray yields increased to 10.5 * 1.0 kJ when the tlted nozzle was
used.!! Figure 3 shows examples of the current pulses and K-shell pulses for both a tilted and
straight nozzle. The pinch tightness and uniformity also improved. In addition, we applied the
radius scaling technique described above, and we found that a 2.5-cm diameter nozzle with the
ten degree inward tilt increased the yield to 12.5 kJ.
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Figure 2. Cross-section of the two nozzles that we have tested: (a) is a Mach 4, 2.5 cm-
diameter nozzle with a 8 mm exit width and (b) is a Mach 4, 4.0-cm-diameter
nozzle with a 4mm exit width and a ten degree inward tilt. Nozzle (a) produces
5 kJ of argon K-shell x-rays whereas nozzle (b) produces 10 kJ.
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Figure 3. Current and K-shell power waveforms for Nozzle A and B.

Another well known method to increase the x-ray yield from a Z-pinch is to increase the
driver current(I). Experiments!2.13 on generators at less than 3 MA showed that the K-shell
yields from various elements like neon and argon scaled as I4, and simple theoretical
explanations for this behavior have been proposed.14 Recent theoretical work has suggested that

this I4 scaling should transition to I2 at a high current levels due to opacity effects. By operating
Double-EAGLE at 10% higher voltage, therefore 10% higher current, the argon K-shell

emissions increased from 12.5 to 18 £ 2 kJ, which is consistent with I4 scaling; and indeed our

x-ray measurements suggest that the argon plasma is not heavily trapped and therefore I4 should
be observed. In summary, we have found that radius scaling techniques and zipper elimination
can increase x-ray emission from pulsed power driver Z-pinches.

Sodium-Neon X-ray Laser Research

The field of pulsed power driver x-ray lasers has recently been reviewed by Davis and
Apruzese.15 One approach to demonstrating gain on pulsed power Z-pinches is the sodium-neon
photopump scheme. 16 In this concept, an intense sodium plasma should radiate > 100 GW in the

Na X 1s2 - 1s 2p !P line at 11A. This transition is resonant with the n = 1 to 4 transition in
helium-like neon. If the neon plasma can be produced at the optimum temperature (Te~40 eV)

and density (~1018cm-3) either by a separate Z-pinch,!7 a photo-heated neon gas bag!8 or maybe
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by a laser plasma,!® then gain should be observed for a 2-cm pump-lasant separation. A
limitation to this scheme has been the lack of an intense sodium pinch due to the difficulties in
producing a sodium load for a Z-pinch. Workers at NRL developed a NaF capillary discharge20
in which current flows in a NaF capillary placed behind a nozzle as shown in Figure 4. This
results in a high pressure NaF plasma forming which ejects a plume into the diode anode-cathode
gap. This source, when imploded on the Gamble II generator, produced up to 35-GW peak
power in the pump line.2! An upgraded source with a peak driver current of 200 kA was tested
on Double-EAGLE, and we obtained 130 GW of peak power in the sodium pump line, as

discussed by Young et al.22 and as shown in Figure 5.

Princlple Result
Pesk Current: JMA
PLASMA DUMP CATHODE  giseume: 100ns
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Peak Current: 200kA
Riselime: 1.2u3

Figure 4. A schematic of the NRL NaF capillary discharge source fielded on Double-

EAGLE. The plots show the measured K-shell and He-a power pulse overlayed
on the current waveform. This source produces 130 GW in the sodium pump
line.

At PI, we developed an alternate approach based on extruded sodium wires.23 Figure 5
depicts the principle of the extruder and the results obtained. A high pressure ram was used to
extrude sodium out through a set of pinholes which produced a wire array in-situ on Double-
EAGLE. This array then formed the load for the generator. When these arrays were imploded,
up to 170 GW of peak power in the pumpline was produced.?# These first experiments had poor
reproducibility, but subsequently J. Porter et al.25 have improved the extrusion technique and on
the 10-MA Saturn generator, around 250 GW can be obtained. Future experiments should now
involve optimizing the neon plasma as has been discussed by Deeney et al.26

Basic Z-pinch Physics

Understanding of the physical processes in Z-pinches requires a combination of
systematic experiments, diagnostics and theoretical calculations. We have applied these to our
Z-pinch implosions on Double-EAGLE in two key areas: Z-pinch heating processes and the
effect of implosion stability.

In the simplest model, an annular Z-pinch can be considered as a two stage process: the
acceleration (implosion) phase where kinetic energy is stored in the collapsing shell, and the
assembly phase where this kinetic energy is first thermalized and then radiated. Now, the
question arises whether other heating processes, (pdV work due to instabilities or ohmic heating)

contribute to the radiated energy. Whitney et al.2’ have studied the radiation efficiency behavior
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Figure 5. A schematic of the PI sodium wire array extruder and an example of the best
performance. This source produced up to 170 GW in the pump line.

using a one dimensional (1D) laminar MHD code, with full radiation transport, under the
condition that the kinetic energy is the only energy input to the system. This was ensured by
turning off the current when the collapsing shell reached a radius of 10% of the initial radius.
Subsequently, the shell would continue to the axis where thermalization and radiation would
occur. Results of these calculations for our exact aluminum experimental conditions have been

performed.’

We show a comparison of the measured K-shell x-ray yield versus the predicted K-shell
yield based solely on kinetic energy input, in Figure 6. This comparison indicates that for the
optimum conditions, the measured x-ray yields exceed those predicted by solely kinetic energy
input. In addition, the 1D laminar calculations collapse to sub-millimeter dimensions which
increase their density and probably result in the calculations somewhat overestimating the
K-shell yields. We therefore interpret these results as indications of additional heating processes
during the pinched phase of the plasma. There is supporting evidence for this additional heating
based on our time-resolved x-ray measurements. We have analyzed our time-resolved x-ray
spectra28 based on the technique proposed by Coulter et al.2? Figure 8 shows the estimated
plasma radius (for the K-shell emitting plasma), K-shell radiating mass, plasma electron
temperature and plasma ion density. From Figure 7, it is apparent that as the plasma expands,
the electron temperature is also increasing. This suggests that there are additional heating
processes occurring while the plasma is pinched on the axis. Giuliani et al.29 found that with a

zero dimensional code, they could predict the measured K-shell yields by artificially increasing
the Spitzer resistivity. Thornhill et al.30 have also found that by increasing the artificial viscosity
and the resistivity (both mimic micro-turbulence effects) that 1D codes could be brought into
agreement with the experimental parameters including plasma sizes, temperatures, densities and
pulsewidths. The challenge to experimentalists is to try to measure the parameters to define the
actual transport properties.

As we discussed in Section 2, we discovered that removing the zipper effect from our
argon gas puffs resulted in a significant increase in the K-shell x-ray yield. Now, the zipper
effect3] is known to decrease the radiated power from a Z-pinch due to the increased axial
thermalization time; however, it was not clear as to why the yield would be lower with the
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Figure 6. A comparison between the measured aluminimum K-shell x-ray yields and those
predicted by a 1D MHD code that only has kinetic energy input.
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Figure 7.The measured k-shell radiating mass (mk), plasma radius (rg), electron
temperature (Te) and ion density n; for a 15 mm diameter aluminimum array.

zipper. We employed a 2D MHD code33 without radiation transport, to simulate the implosions
both with a zipper and without. Figure 8 shows examples of the 2D plots for the straight nozzle
at 105 ns and 110 ns. At 105 ns, the shell has pinched at z=0 (the nozzle). By 110 ns, the pinch
has migrated along about 1 cm of the shell's length. The 110-ns plot also shows the formation of
an axial jet which is propagating along the axis as the remaining shell is imploding. We
conjectured that this plasma and axis was probably limiting the compression of the rest of the
shell as it implodes onto the axial plasma. To confirm this we compared the two values:
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dQ _ .
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which is the volume integral of the electron-density-ion-density product and

Q=f f nen; dv dt

which is the integral of dQ/dt in time. If the plasma is optically thin, Q should be related to the
yield. Figure 9 shows the dQ/dt and Q traces for a 2.5-cm diameter nozzle with a 4-mm wide
exit for three tilts: 0, -7.5 and -10 degrees. Clearly, the straight nozzle has a lower density, and
its radiated power and yields should therefore be lower.
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Figure 8. Density contour plots produced by a 2D MHD code for a zippering plasma with
an initial mass loading of 50 ug/cm.
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Figure 9. Curves of the volume integrated electron-ion-density product and its integral in

time. These should be proportional to the radiated power and yield for an
optically thin plasma.
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Summary

In conclusion, we have made significant progress in increasing the x-ray emission from

Z-pinches and in understanding the radiation process. We have also tested new sodium plasma
sources which have allowed us to demonstrate >100 GW in the Na He-a line, which should be
adequate to demonstrate gain in the sodium-neon scheme if a properly prepared neon plasma can
be produced. Future experiments and theory will be aimed at improving the performance of
present and future Z-pinches based on our increased understanding. We will also develop more
innovative loads based on our results to hopefully increase the K-shell x-ray yields from higher
atomic number.

We would like to acknowledge the technical support of Norm Knobel, the Double-

EAGLE crew and Susan Green. Dwight Duston is thanked for the support of our x-ray laser
work and Jack Davis' encouragement and guidance on our x-ray laser and Z-pinch research are
also appreciated.
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Abstract

The utility of inductive generators and existing results from Z-
pinch experiments using a plasma opening switch (POS) are reviewed.
The research then focuses on a systems study of the power flow
coupling between a particular inductive generator with a POS and an
imploding Z-pinch load. An end-to-end numerical simulation model
for the generator, switch, and dynamic load is used to predict the K-
shell radiation arising from a neon puff gas implosion. The feedback
of the ioad on the switch impedance and the dependence of the high
energy radiation on various switch opening models is discussed.

1. Introduction

As pulsed power generators are asked to deliver ever higher currents to a load, inductive
store designs have become the focus for the next generation of high power machines. Papers
from Physics International,[1] Maxwell Labs,[2], the High Current Electronics Institute[3], and
Sandia National Laboratory[4] each describe new high power inductive machines which will
supplement existing water line capacitive generators. The advantages of an inductive store
generator over a capacitive one are (i) a smaller space requirement, which readily translates to
cost, and (ii) lower voltage stresses on the circuit components. An intermediate storage inductor
can provide a higher energy density at a lower voltage than a capacitive store element. Hence
for a given energy, both the intermediate element and the Marx bank can be made smaller for
an inductive generator. The disadvantage of such a generator is the requirement for a plasma
opening switch (POS) that can conduct for hundreds of nsec, but open in tens of nsec. While
the technology for closing switches used on capacitive generators is well developed, the physics
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of the long conduction time POS is still current research, as evidenced by the many papers on
this topic in the opening switch section of this conference proceedings.

Many theoretical and experimental studies have looked at the power coupling between a
POS and a diode load. The first opening switch, with conduction time < 50 nsec, was used on a
capacitive generator for prepulse current suppression into a diode.[5] Recent experimental work
on the POS-diode coupling issue for a long conduction time POS were presented by Goodrich
et al.[6] and Commisso et al.[7] for the HAWK inductive generator. Their results indicate that
the switch plasma opens to a gap size of a few percent of the cathode radius.

For the coupling between a POS and a Z-pinch load there has only been a few reports. The
initial work was also done on capacitive generators and for short conduction times. Stringfield
et al.[8] found a shorter risetime for the load current and a more uniform plasma implosion
on PITHON. Later Stephanakis ez al.[9] further demonstrated a larger neon K-shell radiation
production at a given current on GAMBLE II. Some analytic scaling arguments for the kinetic
energy coupling on an ideal circuit composed of an inductive store, resistive shunt switch, and
a shorted load, were presented by Reinovosky et al.[10], but no radiation effects were included.
Mosher and Commisso[11] also developed some scaling laws for a similar circuit and modeled
the radiation production with a gas bag model and a phenomenological radiation transfer. In a
forthcoming paper Deeney ez al.[12] have experimentally demonstrated an increase in the neon
K-shell yield when a POS is added to the inductive generator FALCON.

The objective of this paper is to present a systems analysis of the energy coupling in a
realistic machine from the Marx bank, through a long conduction time POS, to the Z-pinch
K-shell radiation production. The chosen circuit is similar to inductive generator designs
currently under development. The analysis is accomplished with an end-to-end simulation
model, which includes a transmission line code for the circuit, an opening switch model, and
a multi-zone magnetohydrodynamic code for the imploding neon Z-pinch. For the present
switch model we find that the switch impedance Zpos can vary dramatically in time due to
the changing motional inductance of the load. Although the time average of Zpos and the
total energy transferred to the load monotonically increase for larger mass loadings, the neon
K-shell production displays a particular maximum versus load mass as a result of atomic physics
considerations. Finally, simulations for various switch gap size to cathode radius, d/R,, and
opening times, At, are compared.

1. Simulation Model

The transmission line circuit for the driving generator is shown schematically in Fig.1.
The circuit, a mixture of capacitive and inductive generator components, is based on machine
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designs developed by Physics International[1] and Sandia[4]. A Marx bank with an intemal
resistance first charges a water dielectric capacitor which is incorporated to obtain current puise
compression. After 1 usec the transfer switch fires and current begins to flow in the storage
inductor. The POS switch, represented by the time varying resistive shunt to ground, conducts
for 0.5 usec and then opens transferring current to the magnetically insulated transmission line
(MITL). The circuit is bi-modular being joined at a convolute. The Z-pinch length is 3 cm with
2.5 nH initial inductance.

Marx Transter Transfer Inductive
Generator Capacitor  Switch Store POS MITL
(4 N N W y \/ \

Convoiute  Load
o

~ OO0

Fig.1 Bi-modular transmission line schematic of the generator circuit in the numerical
simulations. The POS is treated as a time varying resistive shunt to ground.

The power flow along the circuit is calculated using rightward and leftward moving voltage
waves. Transmission and reflection coefficients at the junctions determined from Kirchhoff’s
laws provide relations for the waves at the right and left boundaries of each element.[13] Since
the load is dynamic the timestep in the calculation varies and a high order advection transport
algorithm is used to advance the voltage waves within each element.

In the adopted opening switch model the shunt resistance of the POS is negligibly small
during the conduction phase. The fiducial time taken to mark the beginning of the opening
phase is t = 0. The switch gap size, d, is specified by a linear rise from 0 over a time At to
a maximum value, d/R. with R. the cathode-plasma radius. We vary d/ R, from 2% to 5%,
and At from 70 to 140 nsec. The gap size openings were chosen as reasonable values based on
the data from Commisso et al.[7]. Fort > 0 we require that the upstream current entering the
switch must exceed the critical current for electron insulation which depends upon the voltage
drop across the switch Vpps.[14] Once the electron flow becomes insulated in the switch, the
shunted current through the switch, Ipos is given by ion Child-Langmuir flow.

The dynamics of the imploding gas puff is modeled with a 1-D, multi-zone Lagrangian
hydromagnetic ccde with thermal conduction, resistive heating, and radiative losses in the !
intemnal energy equation. The induction equation for the magnetic field uses Spitzer resistivity.

The coupling between the transmission voltage waves and the Z-pinch dynamics is handled

implicitly to ensure total energy conservation throughout the circuit-POS-load system. The
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ionization dynamics is calculated from a collisional-radiative equilibrium model[15] for neon
including the ground states of all ionization stages and 95 excited levels spread throughout
the stages. For the radiation trtansport a total of 60 emission lines are followed with a
probability-of-escape method while the bound-free edges and free-free continuum are done
with multi-fr- Juency transport.

III. Results

Let us first discuss the interaction of the POS and load dynamics for the standard switch
parameters. Figure 2 presents the ime development of various circuit, POS, and load quantities.
As the switch begins to open (t > 0) one clearly sees in Fig.2a the decrease in the current across
the switch and the concomitant increase in the current transferred to the downstream MITL.
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Fig.2 POS and load dynamics for a 1 mg neon gas puff implosion starting at an outer
radius R, = 1 cm with the standard opening switch parameters d/R. = 5% and At = 70
nsec. (a) Generator current I immediately upstream of the POS, shunted current Ipos
across the POS, and transferred current Iarr7r for one of the modules. ¢ = 0 corresponds
to the opening of the switch. (b) Combined current into the load Ijoqq4, the outer radius
of the plasma R,, and the K-shell radiation pulse from the implosion. (c) The load and
POS voltage. (d) The impedance of the load Zi,.4 and across the switch Zpos. Note the
irregular behavior of the latter.
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Figure 2b shows that the implosion time, ¢;,p, corresponding to the minimum pinch radius,
occurs 105 nsec after the switch opens. The implosion marks the time of the K-shell radiation
pulse and the notch in the load current due to the large motional inductance of the pinch. After
the gap of the POS fully opens, the switch voltage tracks the load voltage in Fig.2c, except for
a few nsec time delay. When the pinch rebounds, Vi,.4 reverses sign due to the now negative
motional inductance, and energy is driven back upstream of the load region. Subsequently,
Vpos goes negative and stays so as long as the plasma re-expands after the initial bounce. Since
the switch can only dissipate energy, Ipos is also negative and Iasrr1 exceeds the generator
current I between 115 and 140 nsec. Note that the switch impedance in Fig.2d displays an
irregular spike and trough behavior. This behavior is quite different from that of a diode load
wherein Z po s monotonically increases in time. From ion Child-Langmuir flow, the impedance
of the opened switch is proportional to d?/+/Vpos. Thus whenever Vpos is small and the
gap d is opened, such as at ~85 nsec, ~115 usec, and around 150 nsec, the switch impedance
becomes large. From the discussion above, it is the motional inductance term of Vjoqqg Which
causes Vpos to decrease and/or cross zero. Note that the K-shell pulse occurs at the maximum

load impedance and in the first trough of Zpn 5.
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Fig. 3 Coupling properties between the circuit and load as a function of the load mass for
different switch models characterized by the opening time At and maximum switch gap
d/R.. (a) Time averaged value for the switch impedance Zpos. (b) The total energy into
the load cage, including magnetic energy, work done in compression, and resistive heating,
normalized by the energy initially stored in the Marx bank.

Unpublished analysis of POS current and impedance on the FALCON generator also
indicate (i) a spike and trough behavior for Zpos, (ii) a Z{-shell pulse at the first trough, and

e
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(iii) a POS current reversal between two spikes in Zpos. Although such measurements are
rather difficult since they involve an inductive correction to the measured insulator voltage and
the subtraction of the measured generator and load currents, it is encouraging to note the similar
behavior between simulation and tentative measurements.

One can compare the POS coupling to the load by time averaging Zpo s for different load
masses and the same initial R, = 1 cm. Figure 3a shows this result for three different time
histories of d/ R.. The total load energy coupling is presented in Fig.3b. For each switch model
the larger the load mass, i.e., the longer the implosion time, the more efficient is both the switch
operation and the energy transferred to the load. However, comparing the individual models
shows that the POS and energy coupling is particularly sensitive to the gap size. For small load
masses where ¢;mp < At, the coupling efficiency is also reduced, but as timp becomes larger
than At, the coupling approaches that of the standard case.
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Fig. 4 Radiation coupling between the circuit and the load as a function of the load mass.
(a) For the standard switch parameters, the fraction of the Marx energy emitted as radiation
over the whole spectrtum E,.q/Ep,rz. and the fraction of the radiation which is from the
K-shell (above 900 eV) E 24k /Erad.

(b) The K-shell production efficiency for different switch models.

Finally we tumn to the radiation coupling problem. Figure 4a displays the total radiation
versus mass loading and the fraction of that radiation which emerges in the K-shell range (> 900
eV) for the standard switch parameters. The rise in the total radiation with load mass reflects
improved load energy coupling from Fig.3b as well as the increase in the number of radiators.
The monotonic decrease in E;qq—k /Erqq indicates a smaller imparted energy per particle at
implosion time for larger masses. According to Whitney ez al.[16], it requires ~4.8 keV per
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atom for the imploding neon to be thermalized to the helium and hydrogen-like stages. At the
lowest mass the velocity of the imploding nuclei is large enough to strip most of the atoms, and
the only radiation that can emerge is recombination to the bare nuclei. For the largest mass
load, the energy carried per particle is too small to reach the K-shell.

Figure 4b shows the efficiency of the K-shell radiation versus load mass again for the three
switch models. The peak of the K-shell radiation for the standard case is nearly three times that
of the small gap size switch, and twice that of the slower opening switch. As in Fig.3 note that
the case with At = 140 nsec approaches the radiation efficiency of the standard case for loads

with the longest implosion times.

IV. Discussion

Experimental progress on the energy coupling between a generator with a POS and the
radiative production from an imploding Z-pinch has not significantly advanced since the early
work on the capacitive machines PITHON and GAMBLE II a decade ago. With the advent of
several new inductive generators this situation will hopefully change in the near future. As a
prelude to the experimental work we have presented end-to-end simulation models of a realistic
generator driving a neon gas puff Z-pinch load. The numerical results indicate that the large
motional inductance of an imploding and bouncing Z-pinch will induce large oscillations in the
POS impedance. Measurements of Zpos could be used to evaluate models of the current flow
across the switch once the gap opens. We have also found that the coupling, as measured by
the time averaged Zpos and the total energy into the load region, becomes more efficient as
the load mass, i.e., implosion time, increases. However, the K-shell radiation production is
dominat